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COM P UTER PR OG RAM FOR Q UA S 1 -ON E -D IM EN S I ONAL COM PRES S I BLE FLOW 

WITH AREA CHANGE AND FRICTION -APPLICATION TO GAS FILM SEALS 

by John Zuk and Patricia J. Smi th 

Lewis Research Center 

SUMMARY 

The computer program, AREAX, presented in this report calculates the properties 
of compressible fluid flow with friction and area change. The program car r ies  out a 
quasi-one-dimensional flow analysis which is valid for laminar and turbulent flows under 
both subsonic and choked flow conditions. The program was written to be applied to gas  
film seals. The area-change analysis should prove useful for choked flow conditions with 
a small mean film thickness, as well a s  for face seals where radial a rea  change is sig- 
nificant. 

The program requires the seal geometry, the reservoir conditions, and the gas 
properties as  input. It will then calculate seal mass leakage and volume leakage; force; 
center of pressure;  and distributions of pressure,  temperature, density, mean friction 
factor,  Reynolds number, friction parameter, velocity, and Mach number across  the 
seal for both laminar and turbulent flow regimes and for  choked and subsonic flow. 

can be in either the International System of Units (SI) or  the U. S. customary system. 

model on which the program is based, a complete description of the input variables, and 
sample input and output. 

The program is written in FORTRAN IV. Input, internal calculations, and output 

This report  includes a description of the program, a summary of the mathematical 

INTRODUCTION 

Shaft seals in advanced rotating machinery, such as in advanced aircraft turbine en- 
gines, will operate at higher speeds, temperatures, and pressures  than shaft seals in 
current use. Because of these severe operating conditions, a positive face separation 
(no rubbing contact) is required for long life and reliability (ref. 1). However, seal- 
face deformation is very likely to occur. 



These deformations may be caused by various distortions (thermal , centrifugal , 
pressure , etc. ) . Seal-face distortions become more pronounced under severe operating 
conditions and a r e  usually detrimental to seal performance. Hence, prediction of these 
face deformation effects on gas-film-seal performance is of paramount importance. 
This report presents an analysis and computer program to enable prediction of gas- 
film-face-seal performance when face deformations and/or radial area change is signif- 
icant. The analysis is especially useful for choked flow conditions. 

The computer program presented in this report, AREAX, calculates the properties 
of compressible fluid flow with friction and area change across  shaft face seals. It ex- 
tends the capabilities of the program QUASC (ref. 2) to account for the change in flow 
properties resulting from radial area change and face deformations represented by 
linear distortions of the seal faces. The mathematical model for this analysis is given 
in the next section. The analysis includes viscous friction, fluid inertia, area change, 
and entrance losses.  Rotational effects and body forces are neglected. The model is 
valid for subsonic flow and for choked flow. It is also valid for both laminar and turbu- 
lent flow regimes. 

Computer programs have proven useful in seal design, where much of the physical 
information of interest is difficult to determine experimentally. The program QUASC 
has proven to be a good model for most applications. It rapidly evaluates physical quan- 
tities of interest. However, QUASC is valid only for parallel sealing surfaces and 
constant-area flow. The program presented here should be used when the effects of 
seal-face distortions a r e  desired and when the radial a rea  change is significant. 

Some of the physical parameters of interest  in designing a seal a r e  the leakage, the 
pressure distribution across  the seal, and the opening (separating) force. These and 
other parameters a r e  determined by the program AREAX for specified seal geometries 
(flow length, gap, surface deformation) , reservoir pressures  and temperatures, and gas 
properties. The program also requires two additional parameters.  One of these is the 
variation of a mean Fanning friction factor with Reynolds number. The other is the en- 
trance loss coefficient. The program input and output format are almost identical to  
QUASC (except for the accounting of the face deformation and radial area change). 

one-dimensional analysis of compressible flow with friction and area change, (2) to give 
a detailed description of the computer program AREAX which performs this analysis, 
and (3) t o  serve a s  a user 's  guide for AREAX. 

This report is intended to  serve three purposes: (1) to give a summary of the quasi- 

QUASI-ONE -DIMENSIONAL FLOW ANALYSIS 

The program AREAX is based on a mathematical model for  sealing surfaces sepa- 
rated by a narrow gap. One surface may be tilted with respect to the other. The model 
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1 is valid for both rectangular strip surfaces and coaxial ring surfaces. A pressure dif- 
1 ference exists across the sealing dam. The cavities on either side of the sealing dam 
I a r e  assumed to be constant-pressure reservoirs. 

The flow is assumed to be quasi-one-dimensional. It has been shown that the ef- 
fects of rotation for a circular ring seal geometry are negligible for most gas film seal- 

I ing applications (ref. 3).  It is assumed that the rectangular surfaces do not slide with 
respect to one another. 

The flow analysis can be separated into two parts. The first is the flow in the pas- 
sage itself, where the flow is assumed to behave as adiabatic flow with friction and area 
change. The second part is flow in the entrance region. These two parts a r e  discussed I separately. 

I 

I 
I 

I Seal Leakage Passage Flow 

It is assumed that the flow in the seal leakage flow region behaves a s  a variable- 
area adiabatic flow with friction. A quasi-one-dimensional approximation is made I wherein it is assumed that the flow properties can be described in te rms  of their cross-  1 sectional averages. 

I a r e  negligible; (2) the flow is adiabatic; (3) no shaft work is done on or by the system; 
' 

The following assumptions have been made in the analysis: (1) the effects of rotation 

(4) no potential energy gradient is present, such a s  caused by evaluation difference, etc; 
(5) the fluid behaves a s  a perfect gas. In addition to these assumptions, a simplification 
to the area change is made in the momentum equation where P dA and A d P  >> dA dP,  1 

I or A >> dA. This assumption should be satisfactory for most sealing applications. 

I reduce to the following differential forms (all symbols a re  defined in appendix A): 

Conservation of mass:  

The control volume is shown in figure 1. The governing equations with area changes 

Q + l  du2 dA -- + - =  0 
P 2.2 A 

Conservation of energy: 

- d T + L M  1 2 du2 - = O  
2 

U T 2 
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Equation of state: 

Conservation of momentum (for a small area change): 

-A dP - rw dAw = Ih du 

With the introduction of the mean Fanning friction factor f and the hydraulic 
diameter D 

d P  - - 
f =- dx =T(x) for radial flow 

2 
2pu 
D 

for radial flow between parallel disks and plates 

equations (1) to (4) can be combined into a single equation (5) 

-- ( i 1  ”) 
D 1 - M  

- 2  1 + Y-M 
dM2 - 
M2 1 - M 2  A 

Equation (5) wil l  be referred to as the Mach number equation. Th i s  equation is identi- 
cal to the equation obtained from the Table of Influence Coefficients for generalized one- 
dimensional flow in references 4 and 5. 

The other dependent variables can be found in a similar way and are 

U 1 - M 2  A 2(1 - M2) D 
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!!E= M2 dA - -  y M 2  4fdx 
D p 1 - M  A 2(1 - M2) 

2(1 - M2) D 

Solving equation (5) for @ d x / D  and substituting that into equations (6) to (9) give 

p A 2M '( 1 +y- ,'.") 

d P -  dA dM2[1 + (y - 1)M2] 

A 2M "( 1+'- 2 ' M 2 )  
- _ - - -  
P 

(9) 

Equations (10) to (13) can be integrated directly from the point of interest (Mx,Ax) 
to the point of choking (M* = 1 , A * )  since the variables are separable. Theintegration 
gives the following equations: 

u * -  1 - - -  
u M  

5 



(15) i 

Hence, once the Mach number distribution is known, the physical quantities of interest 
can be found. 

With the introduction of the definition of the flow area A ,  the radius r ,  and the film 
thickness h 

A = 2 s r h  for the coaxial ring geometry 

for the rectangular plate geometry A = Wh 

r = R  f x  1 

h = h  + x s i n a  1 

equation (5) can be written a s  

[h + F(x) sin a! dM2 - 2M ( l+y- M?[M27(x) - 
-- 
dx h ( l  - M2) I? (x) 

where 
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x for flow with no radial expansion 

for radial outward flow R1 + x 

[R2 - x for radial inward flow 

I 
, 

1 

and x = 0 is defined a s  the flow entrance whether the flow is radially inward or outward. 
The mean friction factor varies with Reynolds number according to the relation (ref. 6) 

- k  f = -  

Ren 

Consequently, f ,3 an implicit function of x. Equation (21) can be ,.itegrated numeri- 
cally from the point of interest (x, M) to the point of choking (x* , M* = 1). 

i 
I Other equations that a r e  needed a r e  those for Reynolds number and Mach number: 

Entrance Flow 

The entrance flow region can be assumed to be an isentropic and adiabatic expan- 
sion (ref. 6). Since real  entrance flows a r e  not isentropic because of viscous friction, 
turning losses,  and so forth, the entrance loss is accounted for by introducing an em- 
pirically determined entrance velocity loss coefficient CL into the isentropic equations. 
The resulting entrance equations for temperature and pressure become 

and 
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P, 

Y - 
(26) 

I 

['+ 
Y 

2 

-1 

When C 
losses become negligible. 

= 1, the flow is isentropic. When CL is large (e. g . ,  30), the entrance L 

SOLUTION OF EQUATIONS 

The equations developed in the preceding sections, plus the equation of state written 
a s  

P - =  WT 
P 

must now be solved. The independent variable is chosen to be x,  the distance across  
the seal face (fig. 2), with the x origin always located a t  the flow entrance. The known 
parameters a re  

sealed-gas pressure (upstream reservoir pressure) 

ambient pressure (downstream reservoir pressure) 

sealed-gas temperature (upstream reservoir temperature, also the stagnation 

*O 

p3 

To 
temperature) 

entrance velocity loss coefficient 

distance across face of sealing dam 
cL 
AR 

h(x) film thickness distribution 

k ,  n constants in friction factor - Reynolds number relation 

These two constants (k,n) apply to laminar flow (Re 4 Rel) and turbulent flow (Re 2 Ret), 
respectively. For flow in the transition region (Rel < Re < Ret), variation of the f r ic -  
tion factor with Reynolds number is determined by an interpolation method which is de- 
scribed in appendix B of reference 2.  

There a re  two types of flowthat must be considered: (1) choked flow, when the exit 
Mach number is 1 and the exit pressure is greater than the ambient pressure;  and 
(2) subsonic flow, when the exit Mach number is less  than 1 and the exit pressure equals 
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the ambient pressure. The method of solution is the same for both types of flow. How- 
ever, the boundary conditions a r e  different. (The lengths and stations used in the analy- 
sis a r e  illustrated for the subsonic-flow case in fig. 3 . )  

In both cases, equation (21), the Mach number equation which relates Mach number, 
flow distance, and friction is a differential equation which must be solved numerically. 
The fourth-order Runge-Kutta method is used. Since equation (21) is a first-order dif- 
ferential equation in x and M2, one boundary condition on M2 is needed. The only 

2 2 known condition is at x = x* , M = 1. Equation (21) is solved by guessing a value M1 
for M a t  x = 0 and integrating until M = 1. The final value of x is x . Since the 
Mach number is known to vary rapidly a s  x approaches x* , the interval of integration 
is divided into small subintervals in that region. 

For choked flow, the solution of the equations for th i s  case is a s  follows: a value of 
MI is guessed, the Mach number equation is solved, and x* is noted. If x* = AR, 
the solution is complete. If x* # AR, new values of M1 a r e  guessed until the condition 
X* = AR is satisfied. 

For subsonic flow, the solution of the equations for th i s  case is as follows: a value 
of M1 is guessed, the Mach number equation is solved, and x* is noted. If x* is 
less  than AR,  new values of M1 a r e  guessed until the solution of the Mach number 
gives a value of x* greater than AR. When a satisfactory x* is found, P2 is calcu- 
lated. If P2 and P3 a r e  equal, the solution is complete. If P2 and P3 a r e  not 
equal, new values of M: a r e  guessed until the condition P2 = P3 is satisfied. 

2 2 * 

2 
2 

2 
2 

COMPUTER PROGRAM 

The program AREAX which performs the analysis of quasi-one-dimensional flow 
with friction and area change across  shaft face seals is written in FORTRAN IV for the 
IBM 7094II/7044 direct couple computer a t  the Lewis Research Center. 

The program must be supplied with the geometry of the seal, the gas properties, 
the reservoir conditions, the constants for determining the variation of mean friction 
factor with Reynolds number, and certain logical variables which control output. Input 
and output can be in either the International System (SI) or the U.S. customary system 
of units. 

In general, AREAX performs the following operations in analyzing the flow across  
a seal: It reads the input data and checks that these data a r e  consistent. For instance, 
there are three input variables which can determine the flowlength. Since only two a r e  
necessary, the third must be made consistent with the other two. When theinput data 
have been read, AREAX analyzes the flow for each combination of film thickness and 
tilt angle. 
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The program first solves the Mach number equation and determines the Mach num- 
ber distribution across  the seal face. AREAX then determines the distributions across  
the seal face of pressure; temperature; density; velocity; mean friction factor; 
Reynolds number; mass and volume flow rates;  Knudsen number; seal opening force; 
center of pressure;  and where appropriate , rotational Reynolds number, variables asso- 
ciated with power dissipation, and axial film stiffness. 

When these data have been calculated, the Mach number distribution across  the seal 
face is punched on cards.  Since the running time of the program can be fairly long, it is 
convenient to restart it and not have to rerun the cases  that a r e  complete. When all  the 
data for all t he  film thicknesses have been calculated, AREAX writes the output data with 
appropriate labels and headings. 

a number of subprograms. Figure 4 shows the heirarchy of the subprogram calls. 
Variables a r e  transmitted between the main program and the subprograms through 
labeled COMMON storage. A more detailed description of AREAX and descriptions of 
the subprograms a r e  given in appendix B. Since the programs AREAX and QUASC a r e  
so similar , t he  numerical methods described in reference 2 apply to both programs. 

The formulas for the parameters calculated by AREAX are listed in table I.  When 
the flow is in either the transitional or turbulent flow regime, the power loss due to ro- 
tation is not calculated. Also, there is no Reynolds number criterion for determining 
turbulence due to rotation. A complete list of the variable names used by the program 
is given in the program listing in appendix C. Flow charts of AREAX and the subpro- 
grams are  also in appendix C. 

To increase program efficiency and to facilitate program writing, AREAX includes 

Input Data 

Input to AREAX is by punched cards.  The NAMELIST feature of FORTRAN IV is 
used to read the data. This feature allows the individual variables to be named and 
eliminates complicated card formats. 

The first card required by AREAX is a title card.  The title identifies the data and 
uses columns 1 to 72 of one card.  It is read by format (12A6). 

The next cards required by AREAX contain the parameters in NAMELIST/SEAL/. 
These parameters define the seal geometry, the gas  properties, and the logical varia- 
bles. The variables in /SEAL/ a r e  listed in table 11. The next cards  required contain 
the parameters in NAMELIST/HDATA/ which define the gap. These parameters a r e  
listed in table 111. The last cards  required contain the parameters  in NAMELIST/ 
RESDATI which define the reservoir properties. These variables a r e  listed in table IV 
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Output 

Computer output consists of the input data and calculated parameters. If input is in 
SI units, output is also in SI units. If input is in U.  S. units, output is also in U.S. units. 
The printed output parameters a r e  identified, and the units of each a r e  also printed. A 
sample of the output data appears in appendix D. 

a s  they a r e  read from cards;  the checked input data; the calculated parameters - mean 
flow width and gas constant; and a list of what optional parameters will  be calculated, 
namely power, normalized center of pressure,  pressure profile factor, and distributions 
across  the seal face. The key a t  the bottom of the page identifies the flow regime asso- 
ciated with a particular film thickness. The key is a s  follows: 

/ choked flow 

The first page of the output contains the title which identifies the data; the input data 

+ 
T flow in turbulent regime 

flow in laminar -turbulent transitional regime 

The second page contains lists of parameters that vary only with mean film thick- 
ness. These parameters a re  mass flow rate,  standard volume flow rate ,  mean Knudsen 
number, mean free path of tne gas molecules, axial film stiffness, sealing dam force, 
center of pressure,  normalized center of pressure,  pressure profile factor,  rotational 
flow Reynolds number, choking pressure,  choking distance, power, heat generation due 
to viscous shearing, apparent temperature rise due to power dissipation, and torque. 
Power and parameters based on power dissipation a re  not printed for the transitional or 
turbulent flow regimes since they a re  not calculated. 

The third and following pages contain lists of parameters that vary with radial dis- 
tance a s  well a s  with mean film thickness. These parameters a re  film thickness, Mach 
number, velocity, density, pressure,  temperature, Reynolds number, and mean friction 
factor. The maximum and minimum film thicknesses, the mean film thickness, the rela- 
tive area change, the area change with respect to radial distance, and the tilt angle for 
each film thickness a re  printed above each set of lists. 

SAMPLE PROBLEM 

An example of the use of the computer program is given here with the following 
2 conditions: A i r  at  45 N/cm abs (65.0 psia) is to be sealed from ambient a i r  at  

10.3 N/cm abs (15.0 psia) by a coaxial ring seal operating in  the externally pressur- 
ized mode. The mean temperature of the pressurized a i r  is 311 K (100' F). The seal- 
ing dam outside diameter is 16.84 centimeters (6.630 in . ) ,  and the inside diameter is 

2 
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16.58 centimeters (6.530 in.). The seal faces a r e  separated by a negative linear tilt 
of 1 milliradian. (The smallest gap islocated at  the outer radius.) The design surface 
speed is 61 meters per second (200 ft/sec). 

sipation and viscous heating temperature rise are sufficiently low, yet small enough so 
that the mass leakage is tolerable. From our experience, the best method is to t ry  
mean film thickness inputs of 7.62 to 25.4 micrometers (0.3 to 1.0 mil) in increments 
of 2.54 micrometers (0.1 mil). However, to give a sample output for transitional flow 
and turbulent flow, the range of film thicknesses has been increased to 40.64 microm- 
eters (1.6 mils). For this study, isentropic entrance conditions are assumed. Thus, 
the program input will include 

Mean rotational velocity, V,  m/sec (ft/sec) . . . . . . . . . . . . . . . . . . . . 61 (200) 
Molecular weight of gas, m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28.9660 
Reservoir temperature, To, K (OF)  . . . . . . . . . . . . . . . . . . . . . . . 311 (100) 
Reservoir pressure (highest pressure), Po, N/cm abs (psia) . . . . . . . . . 45 (65.0) 
Ambient pressure (lowest pressure), P3, N/cm abs (psia) . . . . . . . . . 10.3 (15.0) 
Specific heat at constant pressure, c J/kg-K (Btu/lbm-’R) . . . . . . . . . . 10 (0.24) 
Film thickness (increase in increments of 2.54 p m  (0.1 mil)), 

h ,  pm (mil) . . . . . . . . . . . . . . . . . . . . . . . . . . 7.62 to 40.64 (0.3 to 1.6) 
Tilt angle, cy, rad . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -0.001 
Inner radius, R1, cm (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . 8.300 (3.265) 
Flow length, AR, cm (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . 0.127 (0.050) 
Specific-heat ratio, 7’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 
Numerical constant in laminar friction factor - Reynolds number relation, kl . . . . . 24 
Exponent in laminar friction factor - Reynolds number relation, nl . . . . . . . . . 1.00 
Numerical constant in turbulent friction factor - Reynolds number 

relation, kt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.079 
Exponent in turbulent friction factor - Reynolds number relation, 3 . . . . . . . . 0.25 
Loss coefficient, CL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.00 

The input data sheet for this sample problem is given in table V, in both SI and U.S. 
units. Plots of profiles of pressure, temperature, density, Mach number, Reynolds 
number, and mean friction factor for a mean film thickness of 12.7 micrometers 
(0.5 mil) are shown in figure 5. 

It is desired to find a design film thickness which is large enough so that power dis- 

2 
2 

3 
P’ 

REGION OF VALIDITY AND USAGE AND PROGRAM EFFICIENCY 

Results obtained using the AREAX computer program are compared with known 
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solutions to check their validity. The first case considered is a parallel-film seal with 
a relatively large radial area change. 

from this  variable-area analysis (AREAX) and the analytical solution obtained from the 
classical viscous flow model (ref.  31, which is 

Figure 6 shows both the pressure distribution for pure radial viscous flow found 

2 The conditions a re  representative of aircraft idle operation: Po = 45 N/cm abs 
(65 psia), P3 = 10.3 N/cm abs (15 psia), To = 311 K (100' F), R1 = 5.880 centimeters 
(2.315 in.), and R 2  = 8.410 centimeters (3.315 in.) (AA/A = 0.43). The parallel- 
surface case of 12.7-micrometer (0.5-mil) film thickness was solved. The variable- 
area analysis shows excellent agreement with the analytical solution. A l s o  shown in fig- 
ure 6 is the pressure profile obtained when a constant friction factor calculated at  the 
mean radius is used. This constant-friction-factor approach slightly underestimates 
the pressure along the seal passage length. 

Figure 7 compares the pressure profiles obtained by using the area expansion 
analysis with those from the viscous flow solution for the case of a positive linear tilt of 
1 milliradian. The pressure profile predicted by the viscous compressible flow solution 
is (ref. 7) 

2 

f 

The conditions are the same as for the case shown in figure 6 ,  except that R1 equals 
8.300 centimeters (3.265 in.). Hence, the radial area change is negligible. 

1 milliradian, there is excellent agreement between the present analysis and the small- 
A t  a mean film thickness of 5.1 micrometers (0.2 mil) and a positive linear tilt of 
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tilt analysis of reference 7 .  Also shown in figure 7 is the corresponding case of a nega- 
tive linear tilt of 1 milliradian but a mean film thickness of 4.4 micrometers 
(0.175 mil). Again, excellent agreement is found. 

Figure 8 shows pressure distribution results obtained from the present analysis for  
a divergent tilt of 2 milliradians. Distributions for mean fi lm thicknesses of 2.5 , 5.1, 
7 . 6 ,  and 12.7 micrometers (0.1, 0 .2 ,  0.3,  and 0.5 mil) a r e  presented. The other con- 
ditions were Po = 148 N/cm abs (215 psia) , P3 = 10.3 N/cm abs (15 psia) , To = 700 K 
(800' F), R1 = 8.300 centimeters (3.265 in.), and R2 = 8.410 centimeters (3.315 in.). 
These conditions a r e  representative of advanced aircraft  cruise conditions (ref.  1). 
These conditions represent subcritical (subsonic), critical (P2 = P3 and M2 = l), and 
supercritical (choked) flow conditions. Also shown is the parallel-film pressure pro- 
file for 2. 5-micrometer (0. l-mil) film thickness. This is the classical parabolic pro- 
file for viscous compressible flow. In addition, figure 8 shows a supercritical flow 
pressure profile for parallel sealing surfaces and for  a film thickness of 12.7 microm- 
e te rs  (0.5 mil) which was obtained using the constant-area analysis (QUASC) of refer-  
ence 2. The present analysis shows excellent agreement with this parallel-film profile 
with a 12. 7-micrometer (0. 5-mil) film thickness. Similar results were found for  the 
case of 2 -milliradian convergent tilt. 

ten times faster than AREAX. Hence, for parallel surfaces,  QUASC is more efficient 
and should be used. The small-seal-face-deformation cases  using AREAX on the IBM 
7094/7044 direct couple computer required about 0.16 minute for each film thickness 
where the flow was choked and about 0 .5  minute for each film thickness where the flow 
was subsonic. 

For small face deformations and subsonic flow conditions, the analytical solution 
(ref. 6) should be used. For deformed surfaces with a relatively large mean film thick- 
ness and choked flow, QUASC (ref. 2) may give satisfactory results (faster computer 
solution time). For a more complete solution, AREAX should prove useful for choked 
flow conditions with a relatively small mean film thickness, a s  well a s  for face seals 
where radial area change is significant. 

2 2 

Experience has shown that QUASC (ref. 2) performs each film-thickness case six to 

CONCLUDING REMARKS 

A summary of the quasi-one-dimensional analysis of compressible flow with friction 
and area change has been presented. Also, a detailed description of the computer pro- 
gram AREAX, which performs this analysis, is given. This program has proven useful 
in extending the capabilities of the computer program QUASC by including the a rea  
change due to (1) change in radius and (2) deformed seal faces represented by a small 

14 



linear tilt. Results obtained using AREAX showed excellent agreement with analytical 
solutions for pure radial viscous flow and for viscous flow with a small tilt of the sealing 
surfaces. Favorable agreement was also found between AREAX and QUASC (ref. 2) for 
a parallel film under choked flow conditions. An example mainshaft seal problem is also 
given. 

l 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, August 7, 1973, 
501-24. 
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APPENDIX A 

SYMBOLS 

A 

cL 
C 

C 
P 

D 

F 

~F 

f 

H 

h 

Kn 

k 

M 

M 

m 

n 

P 

- 
- 

9, 

R1 

R2 

Q 

AR 

9 

9 U  

W P )  

Re 

16 

area 

entrance velocity loss coefficient 

speed of Sound 

specific heat a t  constant pressure 

hydraulic diameter (D = 2h for coaxial rings and narrow slots) 

seal opening force 

dimensionless seal-opening-force pressure profile factor 

mean Fanning friction factor 

shear heat 

film thickness (gap) 

mean Knudsen number, X/hm 

numerical constant in friction factor - Reynolds number relation 

Mach number, u I... 
mass flow 

molecular weight of gas 

exponent in friction factor - Reynolds number relation 

pressure 

wetted perimeter 

volume leakage flow rate 

inner radius 

outer radius 

sealing dam radial width (physical flow length), R2 - R1 

gas constant (universal gas  constant/molecular weight) 

universal gas constant 

Reynolds number 

Reynolds number of leakage flow 

. 



Re(r) 

r 

S 

T 

U 

V 

W 

X 

xC - 
C 

X 

CY 

Y 

h 

P 

P 

7 

Reynolds number of rotational flow 

radius 

axial film stiffness 

temperature 

leakage flow mean velocity (x-direction) 

mean rotational velocity 

flow width 

flow direction coordinate 

center of pressure 

dimensionless center of pressure 

relative inclination angle of surface (positive a designates 

specific-heat ratio 

mean free path of gas molecules 

ab solute (dynamic) viscosity 

density 

shear s t ress  

Subscripts : 

I? laminar flow 

m mean 

max maximum 

t turbulent flow 

W 

X 

0 sealed (reservoir) conditions 

1 flow entrance conditions 

2 flow exit conditions 

3 ambient sump conditions 

Super script: 

wetted surface area or wall 

location along flow leakage length from entrance 

critical flow condition * 
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APPENDIX B 

DETAILED DESCRIPTION OF PROGRAM 

This appendix contains details regarding checking the consistency of the input data, 
traps for invalid data, and the subprograms. The variables mentioned in this appendix 
a r e  defined and listed either in the main-text section Input Data o r  in the program list- 
ings (appendix C) . Further details of numerical methods and subroutines that are used 
by both AREAX and QUASC can be found in reference 2 .  

Main Program AREAX 

The main program AREAX controls the complete quasi-one-dimensional analysis. 
It defines the labeled COMMON storage for transmission of data among the subprograms. 
It defines some constants and labels for the output. It reads the input data, checks that 
these data a r e  consistent, and rejects cases for which the input data a r e  invalid. It 
calls subprograms to  solve the Mach number equation and to determine the distributions 
across  the seal face of pressure,  temperature, density, velocity, mean friction factor,  
and Reynolds number. It calculates the other parameters associated with the flow, such 
a s  mass flow rate, and writes the output. AREAX then t ransfers  to read new input data. 

subprograms and the output data. Most of the variables in the COMMON blocks are 
listed in tables VI to IX. The COMMON blocks not described contain variables which 
a r e  useful in the operation of the program but a r e  not necessary for the analysis. The 
variable names and the array names a r e  not listed because the names a r e  not the same 
in all  the subprograms. 

is the distributions across  the face of the seal ,  the other is the integrated flow param- 
e te rs  that vary only with mean film thickness. The a r r ays  are dimensioned for  20 fi lm 
thicknesses and 11 points across the seal face. 

program for internal calculations. The a r ray  CNVT has dimension (11,2).  The first 
column of the array contains constants for calculations in SI units. The second column 
of the a r r ay  contains constants for calculations in  U.S. customary units. The variable 
NSI is 1 for SI units and 2 for U.S. units. Table VIII lists the parameters for which each 
element of CNVT is used. 

The arrays in COMMON block /TRAYS/ (table M) contain the parameters used in the 
solution of the Mach number equation for  the fi lm thickness under consideration. 

The labeled COMMON storage defined by AREAX contains constants needed by the 

There a r e  two kinds of parameters in the COMMON block /ARRAYS/ (table VI): one 

The parameters in COMMON block /CONSTS/ (table VII) a r e  constants needed by the 
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COMMON blocks /CTITLE/ and /PRNT/ contain the title, which identifies the data, and 
the labels for identifying which parameters a r e  calculated. COMMON block /LOGICL/ 
contains logical variables. 

The program AREAX first reads the input data and checks that these data a r e  con- 
sistent. One parameter it checks for consistency is the flow length, RDIF. There a r e  
three input variables that can be used to determine RDIF. These variables a r e  RINNER, 
ROUTER, and RDIFIN. Since only two a r e  necessary, the third must be made consis- 
tent with the other two. The check is made as follows: If RINNER # 0 and ROUTER # 0, 
AREAX sets R1 = RINNER and R2 = ROUTER and then calculates RDIF = R2 - R1. If 
RINNER # 0,  ROUTER = 0, and RDIFIN # 0, AREAX sets R1 = RINNER and 
RDIF = RDIFIN and then calculates R2 = R1 + RDIF. If RINNER = 0, ROUTER # 0, and 
RDIFIN # 0,  AREAX sets R2 = ROUTER and RDIF = RDIFIN and then calculates 
R1 = R2 - RDIF. These three conditions a r e  for the coaxial ring geometry. The varia- 
ble WIDTH is calculated as  2nE. If RINNER = 0,  ROUTER = 0, and RDIFIN # 0, the 
geometry is for the rectangular plate. Then AREAX sets RDIF = RDIF'IN, and WIDTH 
must be nonzero. Any other combination of RINNER, ROUTER, RDIFIN, and WIDTH is 
considered an  e r r o r  since there is not enough information available to determine a non- 
zero flow length and flow width. If this e r ro r  condition exists, AREAX writes a mes- 
sage and transfers to read new data from NAMELIST/SEAL/. 

input variables a r e  available for  determining the pressure ratio, but only two are neces- 
sary.  The check is made the same way a s  the check for flow length. If P l I N  # 0 and 
P2IN # 0, AREAX sets  P1 = PlIN and P2 = P2IN and then calculates PRAT = P1/P2. If 
P l I N  # 0, P2IN = 0, and PRIN # 0,  AREAX sets  P1 = P l I N  and PRAT = PRIN and then 
calculates P2 = Pl/PRAT. If P l I N  = 0, P2IN # 0,  and PRIN # 0, AREAX sets P2 = P2IN 
and PRAT = PRIN and then calculates P1 = PRAT x P2. Any other combination of P l I N ,  
P2IN, and PRIN is considered an e r ro r .  In that case, AREAX writes an e r r o r  message 
and t ransfers  to read new data according to the input code. Since the flow may be 
radially inward or outward for the coaxial ring geometry. AREAX chooses the larger 
value of P1 and P2 to be the sealed-gas pressure PO and the smaller value to be the am- 
bient pressure P3. 

The third parameter that must be checked for consistency is the rotational velocity. 
If SPEED # 0,  CAPV is calculated from SPEED. If CAPV # 0 and SPEED = 0, SPEED 
is calculated f rom CAPV. If both a r e  0, the system is considered static, and the logical 
variable PWRSKP is set to . TRUE. to omit calculations involving power. 

NCFLOW to solve the Mach number equation for the given film thickness. Subroutine 
NCFLOW also punches the solution of the Mach number equation on cards  for restarting 
the program if it runs out of time. AREAX then calls subroutine DISTS to calculate the 

The second parameter that is checked for consistency is the pressure ratio. Three 

, 

'For each film thickness and tilt angle combination, AREAX calls subroutine 
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distributions across  the seal face. Function subprogram SIMPS1 is used for  the numer- 
ical integrations in the calculation of force and center of pressure. When all the data 
for all the film thicknesses have been calculated, AREAX call subroutine STFNSS to 
determine the axial film stiffness. 

When all the calculations a r e  complete, AREAX writes the input data, the 
"checked" input data, and the output data with appropriate headings and labels. The 
final command in the program is a transfer to read new input data. 

Subprogram NC FLOW 

Subprogram NCFLOW controls the solution of the Mach number equation, for  any 
given fi lm thickness and tilt angle combination. The subprogram calls subprogram RK1 
to solve the Mach number equation. NCFLOW iterates first on the boundary condition 
x* 2 AR. If x* > AR, NCFLOW then iterates on the boundary condition P2 = Pg. 
When the solution for each film thickness is complete, NCFLOW punches the x distri- 
tion and the Mach number distribution on cards for restarting the program. 

Subprogram DISTS 

Subprogram DISTS determines the distributions across  the seal face of pressure,  
temperature, Mach number, density, velocity, Reynolds number, and mean friction 
factor. It uses a three-point Lagrange interpolation on the data from the solution of the 
Mach number equation to get the Mach number distribution at the given x grid points. 
It then calculates the other parameters as  follows: temperature from equation (15), 
velocity from the definition of Mach number, density from the continuity equation, pres- 
sure from the equation of state, Reynolds number from the definition of Reynolds num- 
ber,  and mean friction factor from the friction factor - Reynolds number relation. 

Subprogram PRESS 

Function subprogram PRESS uses a three -point Lagrange interpolation to determine 
the Mach number and film thickness at distance x across  the seal face. Then pressure 
is calculated from equation (17). 
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Subprogram RK 1 

Subprogram RK1 solves the Mach number equation by the fourth order Runge-Kutta 
solution. Since the flow must remain subsonic, there are t raps  built into the subpro- 
gram to ensure that the Mach number remains less than 1. The initial guess for  M1 
is supplied by the calling program. The equation is considered solved when the final 
M is 1.0. All variables and operations in this subprogram a r e  in double precision. 

Subprogram SIMPS 1 

Function subprogram SIMPS1 uses Simpson's rule to evaluate the integrals in the 
force and center-of -pressure equations. Reference 2 provides a detailed description of 
this subprogram. 

Subprogram STFNSS 

Subprogram STFNSS performs a numerical differentiation to determine the axial 
film stiffness. Reference 2 provides a detailed description of the numerical technique 
used. 

Subprogram FRFUNC 

Function subprogram FRFUNC determines the mean friction factor for a given 
Reynolds number. FRFUNC examines the Reynolds number to determine whether the 
flow is laminar, turbulent, o r  transitional. It then uses  the input constants to deter- 
mine 7. If the flow is transitional, FRFUNC calculates f by an interpolation formula 
developed in reference 2 .  

Subprograms FFUNC and XCFUNC 

Function subprograms FFUNC and XCFUNC evaluate the integrands in the force and 
center -of -pressure integrals. Both FFUNC and XCFUNC call subroutine PRESS, which 
evaluates the pressure at any given x. 
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Sub program SORTXY 

Subprogram SORTXY rearranges the ordered pairs of numbers (X(l), Y(l)), 
(X(2), Y(2)), . . . , (X(N), Y(N)), which a r e  stored in a r r ays  X and Y, in order of ascend- 
ing X. The (X,Y) pairing is preserved. 

Sub program GRAFIC 

Subprogram GRAFIC makes the following plots: 
(1) Power against mean film thickness 
(2) Center of pressure against mean film thickness 
(3) Force against mean film thickness 
(4) Pressure against x 
(5) Temperature against x 
(6) Density against x 
(7) Mach number against x 
(8) Reynolds number against x 
(9) Mean friction factor against x 
The subprogram presented here is a dummy routine to satisfy the call to GRAFIC 

from the main program. Each user  must write his  own plotting subroutine, using the 
dummy subprogram and the flow chart as a guide, that is appropriate to the plotting 
devices available. 

Subprogram BLOCK 

Subprogram BLOCK is a block data subprogram to load constants into labeled 
COMMON. 
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APPENDIX C 

FLOW CHARTS AND PROGRAM LISTING 

AREAX 

Define logical, real, and double precision variables, labeled COMMON storage, and NAMELIST lists 
I 

Read data identification - 
Read film thickness data - Read film thickness and reservoir 

data, including INCODE 

= 1  
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Q 
(Wr i te  data identification) 

(Write flow lenqth and reservoir data) 

(Write consistent input  data and array of labels] 

f D O N E  

Calculate f i lm  t h i c k y s s  
and cr i t ica l  area A 

I 

Call subroutine NCFLOW to determine solut ion of Mach number equation 

I 

+- Calculate sealing dam force and center of pressure 

J - J + l  
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I 

I 
Call subroutine STFNSS to determine axial fi lm stiffness 

Write output data 5-) 
Call subroutine G R A M  to make plots I 
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NCFLOW 

Comment: Use method of i teration to  solve Mach number equation when flow i s  subsonic (i. e., 
when M 2  <I, X* > AR, P2= P3) and when flow i s  choked (Le., when M 2  - 1, x *  - AR, P2>P3) 

Enter 0 
I Guess a value for  entrance Mach number  M1 1 

Call subrout ine R K l  to solve Mach number equation 

Change guess for  M I  by 
setting MI = M I  / X R  

I Calculate exit Mach number I + Calculate exit  pressure P2 

/ Have two 

I Do straight- l ine curve f i t  o n  t h e  two stored points1 

Read M 1 from fitted curve  tha t  corresmnds to P2 = P3 I 

26 

0 Return  



DlSTS 

Calculate temperature, pressure, density, and velocity 

I 

I =  I +  1 6 Return  

PRESS 
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R K I  

I Comment: Runge-Kutta sollition of Mach number equation 

Enter Q 
I Define double-precision constants and ar i thmet ic funct ion for W z / d x  I 

YO = t r i a l  value for square of entrance Mach number 

Set Y(1) = YO 
DELX - fraction of AR 

1 

Calculate K1, K2, K3, K4 - &12/dx for Runge- 
Kutta solution of differential equation 

AY = [Kl + 2 (K2 t K3) + K4]/6 I 

+AR r+ Reduce step size 

I-Itl 

N 1 =  N 2 +  1 

N 1 -  I 

I N 2 = N 1 + 5  
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SIMPS1 

llntegrate ent i re  interval] 

I set  N = 1, FRAC = z * T I 

l-7 FRAC = I FRAC 

K - N  

I '  
I -  1 

I = I + l  

I= 

- K  

9 7  KER = KER + 1 
I I 

Accumulate test answer 

Accumulate f ina l  answer No 

Retu rn  0 
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STFNSS 

I IND = 1 I 

Er ro r  condition: 

0 Return  

I 

Arrange selected values of  XX in ascending order 

[Form sums and products for Lagrange numerical  differentiation 1 
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FFUNC XCFUNC 

SORTXY 

J = I + 1  

Interchange X( I )  and XU) 
Interchange Y( I )  and Y(J) 

J = J t 1  

= N - 1  

Return  

I XCFUNC = (Pressure at x - ~ 3 )  x x I 0 Return  
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GRAFIC 

1 Comment: Force and center of pressure already dimensionless1 

I Define plot t i t les and labels I 
I 

[ Search H array for maximum fi lm thickness h and POWER array for  maximum power] 
I 1 Normalize h ] 
I 

h e s  

Normalize flow direct ion 
coordinate x 

No 
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QUASI-CNE DIMENSIONAL COMPRESSIBLE FLOW k I T H  F R I C T I  CN AhD AREA 
CHANGE. AREA CHANGE MAY BE DUE TO R A D I A L  EXPANSION AND/OR 
R E L A T I V E  T I L T I N G  OF THE SEALING SURFACES. 

INPUT LAR I A B L E S  ***** ******** ** 
T I T L E  - ALPHANUMERIC I D E N T I F I C A T I O N  OF THE DATA 

N S I  - NLMlkRICAL S IGNAL WHICH I N D I C A T E S  k H I C H  SYSTEM CF U h I T S  IS 
USED FOR I NP U T  9 OUTPUT 9 AND I NTE RN AL C bLCU LAT I CNS 

( N S I  f 1 MEANS SI U N I T S  - N S I  = 2 MEANS US U F t I T S )  
RINNER - INNER RADIUS OF C IRCULAR S k A L  
ROUTER - OUTER RADIUS OF C IRCULAR SEAL 
R D I F I N  - DISTANCE ACROSS SEAL 

WICTB - FLOW k I O T H  FOR SEAL5  WITH NO R A D I A L  EXPANSION 
MOLWT - MOLfiCULAR WEIGHT 

C P  - S P E C I F I C  HEAT OF GAS 

GAMMA - R A T I O  OF S P E C I F I C  HEATS 
SPEkD - ROTATIONAL VELOCITY 

MUIN - RESEPVOIR L I S C O S I T Y  FOR GAS OTHER THAN A I R  

CAPV - SURFACE SPEED 
XLAM - EXPJNEhT I N  FORMULA FOR V A R I A T I O N  OF F R I C T I O N  FACTOR 

W I T H  REYNOLDS NUMRER FOR LAMINAR FLCW 
XTURB - EXPDNENT I N  FORHLLA FOR V A R I A T I O N  OF F R I C T I U N  FACTCR 

W I T H  REYNOLDS hUMHER FOR TURBULtNT FLOW 
CONLAM - CONSTANT I N  FORMUL4 FOR V A R I A T I O N  OF F R I C T I U N  FACTOR 

W I T H  REYNOLDS NUMBER FOR LAMINAR FLOW 
CUNTRR - CONSTANT IN FORMULA FOR V A R I A T I C N  OF F R I C T I O N  FACTCR 

W I T H  REYNOLDS NUMBtR F O H  TURBULENT FLOW 
RELAM - L P P t R  L I M I T  OF REYNOLDS NUPBER FCR L A M I N A R  FLCW 

RETURB - LUWER L I M I T  OF REYNOLDS NUCRER FOR TURelJLthtT FLOW 
PWRSKP - LOGICAL V A R I A R L t  - I F  TRUE, S K I P  CALCULATICNS 

PRSSKP - LOGICAL VARIARLE - I F  TRUt ,  S K I P  PRINTCUT CF 
INVOLVING POWER 

D ISTR I B U T I O N S  OF PRtSSUREv TEMPERATURE9 D E N S I T Y T  
YACH NUMBER, VELOCITY,  AND F R I C T I O N  PARbMETER 
ACROSS THE FACE OF THE SEAL 

F O R C t  AND C E N T t R  OF PRtSSURE 

P L O T  OF TYE CORRESPONDING V A R I A R L E  
P L T S K P (  11 - POkER VS CHARACTERISTIC  F I L M  THICKhESS 
PLTSKP(  2 )  - CENTtiR OF PRESSURE VS CHARACTERIST IC 

P L T S K P ( 3 )  - FORCE VS C H A R A C T E R I S T I C  F I L C  T H I C K h I i S S  
P L T S K P ( 4 )  - PRtSSURE V S  X 
P L T S K P ( 5 )  - TEMPERATURE VS X 
P L T S K P ( 6 )  - D t N S I T Y  VS X 
P L T S K P ( 7 )  - MACH NUMBER VS X 

NRMSKP - L O G I C A L  VARIABLE - I F  TRIJt ,  S K I P  N O R C A L I Z A T I Q h  OF 

PLTSKP - LOGICAL ARRAY - I F  ANY t L E M E N T  I S  TRUE, S K I P  T b €  

F I L C  THICKNESS 

1 
2 
3 
4 
5 
6 
7 
0 
5 

1 c  
11 
1 2  
1 3  
1 4  
1 5  
16 
1 7  
1 8  
19 
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 0  
2 7  
2 e  
29 
30 
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  

39  
4 c  
4 1  
4 2  
4 3  
4 4  
4 5  
4 t  
4 7  
4 e  
49  
50  
5 1  

3 e  



C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

P L T S K P ( 8 )  - REYNOLDS NUCRER VS X 
P L T S K P ( 9 1  - Y t A N  F R I C T I O N  FACT09 V S  X 

HYtAN - MEAN F I L M  THICKNESS 
ALPHA - T I L T  ANGLE 

JDONE - NUMBER OF CASES COCPLETED I N  PREVIOIJS RUNNING 
h’J - NUMPER OF F I L M  THICKNESS 

OF THE PROGRAM 

P l I N  - PRESSURE AT INNER RADIUS OF CIRCULAR SEAL CR PRtSSURE AT 

P Z I N  - PRESSURE A T  OLTER RADIUS OF CIRCbLAR SEAL CR PRESSlJRE AT 

P R I N  - Pc)/P3 
T O I N  - SEALED GAS TEMPERATURE 
LOSS - tNTPANCE VELOCITY LOSS C U t F F I C I E N T  

tNTRANCE OF SEAL WITH NO R A D I A L  EXP4NSION 

E X I T  OF SEAL WITH NO H A D I A L  EXPAhSION 

INCODE - INPI IT  CODE 
I N C O D E = l *  PROGRAM TRANSFtRS TC READ “JEW T I T L €  CARD 
INCODE=2*  PROGRAM TRANSFERS TO R t A D  N€W SEAL DATA 
INCODE=3, PROGRAY TRANSFERS TI3 R E 4 9  NEW F I L C  THICKNESS 

I N C O D E = 4 *  PRQGRAM TRANSF€RS TO READ NEW RESERVCiR 
DATA 

DATA 

OUTPUT VARIABLES *********+****** 
X - DISTANCE ACROSS SEAL FACE 
W - F I L Y  THICKNESS THAT CORRtSPONDS TO X 

PARAME’IERS THAT V A R Y  ONLY WITH F I L M  THICKRESS 
* * * * * * * * * * * * * * * * * * * * * *4** * * * *4** * * * * * * * * * * * * *  

M W T  - MASS FLOH RATE 

K N  - KNUDSEN NUMBER 
0 - VOLlJME FLOW RATE 

L A Y C A  - MEAN FREE PATH OF GAS PICLkCULES 
RER - ROTATIONAL FLOW REYNOLDS NUMBER 

POWER - POWER D I S S I P A T E D  DUE TO V 1  SCOUS SHEARIhG 
DELT - APPARENT TEYPERATURE R I S E  DUE TO VISCOUS SI-EARING 

HSHEPR - SHEAR HEAT 
TORQUE - TOROUE 

FORCE - SEAL I N G  DAM FORCE 
FPAR - NORYALIZED SEALING DAY FORCE 

XC - CENTER OF PRESSURE 
XCRAR - NORMALIZED CENTER OF PRESSURE 
S T I F F  - AX14L  F I L V  S T I F F V E S S  

H l  - F I L M  THICKNESS AT INNER RADIUS CF SEAL 
I42 - FILM THICKNESS AT OUTkR RADIUS OF SEAL 

PARAMETERS THAT VARY WITH FLOW LENGTH AND F I L Y  THICKNESS ****** **********9**8*******4***** ******* **** ** ********** 
P - PRESSURE 

MACb - PACH KUYBER 
U - R A D I A L  VELOCITY 

5 2  
5 3  
5 4  
5 5  
5 4  
5 7  
5 e  
5 9  
6 C  
6 1  
6 2  
E 3  
4 4  
6 5  
6 6  
61 
6 8  
65 
7c 
7 1  
7 2  
7 3  
7 4  
1 5  
76  
7 7  
7 8  
75 
80 
8 1  
8 2  
8 3  
8 4  
8 5  
8 6  
8 1  
8 e  
es 
9c 
9 1  
9 2  
9 3  
9 4  
9 5  
96 
9 7  
9e  
59 

10 c 
1 0  1 
102 
103 
1 0 4  
1c 5 
1Cb 
1C7 

I 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

T - TEMPERATURE 
p r o  - DENSITY 
REP - PRESSUR.E FLOW REYNIJLDS kUMBER 

FR I C T  - FR I C T I O N  FACTOR 

PROGRAC VARIABLES - SCME OF THESE ARE OUTPUT, ALSO * **** *+****** ** ********** ******* ************* ** *** 
RC - RADIUS OF SEAL A T  I N L E T  (RO = R 1  FOR I h T E R h A L L Y  

PRESSURIZED CIRCULAR SEALS, RO = R 2  FOR EXTERNdLLY 
PRESSURIZED CIRCULAR SEALS, AND RO = 0 FOR SEALS WITH NO 
R A D I A L  EXPANSION)  

RGAS - GAS CONSTANT 
FAREA - SURFACE AREA 

MU - PESERVOfR V I  SCOSI TY 
T O  - SEALED CAS TEMPERATURE 

PTOL - TOLERANCE FOR CUT-CFF CN PRtSSURE I T E R A T I O h  
W I N  - MINIMUM F I L M  THICKNESS 
CNVT - ARRAY OF CONSTANTS NtEDED I N  THE CALCULATICNS 

( C N V T ( I , l )  ARE CONSTANTS I N  SI U N I T S )  
(CNVT( I ,ZJ  ARE COhSTANTS IN U S  U N I T S )  

PARAMETEPS CALCULATED A T  P C I N T  OF CHOKING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
XSTAR - DISTANCE FROM ENTRANCE TO P O I N T  OF CHOKING 
PSTAR - PRESSURE 
ASTAR - CROSS-SECTIONAL AREA 
TSTAR - TEMPERATURE 

R EAL 
DOIJBLE P R E C I S I O N  XX,FM,HH 
LOGIC AL PURSKP p PR SSKP NRM SKP, P L T  SKP 
EXTERNAL FFUNCpXCFUNC 
D I M E N S I O N  CALC(B,4)rMDOT( 20),Q(20) r K N ( 2 0 1  r L A M D A ( 2 0 )  r R k R ( 2 0  1. 

CO'lMON/ARRAYS/X( 11) ,P ( 11.20 1 ,MACH( 1 1 p 2 0 I  cU( 11 ,201  t T (11 9 2 0 )  P 

FBAR ( 20 1 9 H 1  (20 ) rH2 ( 20) 9 

MACH, MOL WT ,LOSS, K N  t L AHDA 9 MU1 N p YU, MOOT 

1 XC(2O) ,DELT(20 )  ,HSYEAR(ZO) pTORQUE(Z0) r H M I N ( 2 0 )  

1 
2 
1 ALPHA(ZO),HMEAN(ZO) gXSTAR(23J  r P S T A R ( 2 0 )  r A S T A R ( 2 O )  

Rho(  l l r  ZO),REP( 1 1 9 2 0 ) , F R I C T ( l L 9 2 0 )  r H ( 1 1  9 2 0 ) 9 X C B A R ( 2 0 ) r  
POWER ( 20  1 ,FORCE ( 20) , S T I  F F  ( 20 I 

COY MO N /CON STS /GAM MA 9 RD I F 9 RO 9 SI G N X LAM 9 X TURR ,C CNLAH , CONT AB, R E L  AM 9 

1 RETURB, TO,PO*P3,PTOL,RGAS rLCISSrMU,PI 9 RUN1 V ( 2  pCNVT( 11 t 2 )  v NS I 
COMMON /TR PY S/N 9 XX ( 201 1 ,FM ( 201 1 *HH( 201 J 

COMMON /PRNT/C 1 ( 4 )  ,C2( 4 ) CC 3( 4 )  r C 4  ( 4  1 9C5(4 1 ,C6( 4 J 9C7 4 4 )  ,C8( 4 ) 
COMMON /LOGICL /PhRSKP, NRMSKP rPRSSKP, P L T S K P ( 9 )  
NAYEL I ST/SEAL /SINNER, ROUTER ,RGI F IN ,  h IDTH,  PCLHT VCPI MU1 Nc CAMYAICAPVI 

J ,TSTAR 
C OM M 0  N /CT I TLE / T I T L  E ( I 2  

BLAhK 

1 
2 hRMSKP, PLTSKP ,N SI 

SPEEDvX LAP, XTURB (CONLAY 9COF;TRBt RELAM, RE TURR PUP SKPI PRSSKPI 

NAYEL IST /HDATA/  HMEANrALPHApNJ, JDONE 
NAY EL IST /RESDAT/P  L I N p  P 2 1  h( ,PRI  N, T C I  hr, LOSS, INCODE 

READ T I T L E  CARD AND SEAL DATA 

1 0 0  READ( 5 ,  r)  T I T L E  
110 REAC( 5 ,  SLAL I 

LC e 
105 
11c 
11 1 
1 1 2  
113 
114 
115 
11c 
117 
1 1 e  
119 
12c 
12 1 
1 2 2  
123 
124 
12 5 
126 
127 
128 
129 
13G 
13 1 
132 
1 3 3  
134 
135 
136 
13 1 
138 
1 3 9  
140 
14 1 
142 
143 
144 
14 5 
146 
147  
148 
149 
15C 
15 1 
152 
153 
154 
15 5 
156 
157  
15 @ 
159 
16C 
16 1 
162 
16 3 

36 



C 
C CHECK CCNSISTENCY OF FLOW LENGTH PARAMETERS 
r 
L 

I F  (RIhIhER.EQ-0.0) 
I F  (ROlTERoEO-O.OI  
R 1  = RIKNER 
R 2  = RCLTER 
R D I F  = R 2 - R l  
GO TO 1 1 C  

C 
11 1 I F  (ROL'TER .Ea 0 0 . 0 )  

(R D I F  I N  .EQ 00 00 1 I F 
R D I F  = R D I F I N  
R Z  = ROLTER 
R 1  = R i - R D I F  
GO TO 1 1 6  

C 
1 1 2  IF (RDIFIN.EQ.O.0) 

R D I F  = R D I F I M  
R 1  = RINNER 
R 2  = R l t R D I F  
GO TO 1 1 6  

C 
113 I F  (RDIFINoEQ.O.0)  

R D I F  = R D I F I N  
R 1  = o * c  
R 2  = 0 . c  
I F  ( W  1CTP.NE.O.C) 

C 

GO TO 111 
GO TO 112 

GO TO 1 1 3  
GO TO 114 

GO TO 114 

G O  TO 114 

GO TO 116 

C ERROR I N  FLOW LENGTH DATA 
C 

1 1 4  WRITE ( 6 9  10) TITLEtRINNERtROUTERtRDIFINthIDTH 
1 1 5  REAC ( 5 t R E S D A T )  

GO TO ( 100, l l O t  l l C t  1 1 5 )  t INCODE 
C 
C FLOW LENGTH DATA CONS I S T A N T  
C CkECK CONSI  STENCY OF PLOT COkTROL PPRAMETERS 
C 

1 1 6  IF (NRMSKP 1 PLTSKQf 3)= .TRlE.  
I F  ( *NCT.PRSSKP)  GO TO 1 1 9  
DO 1 1 7  !=4910 

1 1 8  DO 119 I = l r l l  
119 X (  I) = FLOAT( I - l ) * R D I F / l O . O  

1 1 7  P L T S K P f I I  = .TRUE. 

C 
C READ F I L M  THICKNESS DATA 
C 

C 
C R E A 0  RESERVOIR DATA AND CHECK CONSI  STENCr Of PRESSURE OATA 
C 

120 R E A C (  59 k C A f A  I 

130 REAC( 5 r R E S D A T )  
I F  (P l IN .EQoO.0 )  GO TO 134 
IF (P21k0EB0O.O)  GO TO 132 

131 P 1  = P l I N  
P 2  = P Z I N  

1 6 4  
1 6 5  
1 6 6  
16  7 
1 6 8  
165 
17C 1 

17  1 1 

1 7 2  
1 7 3  
1 7 4  
1 7 5  
1 7 6  
1 7  7 
1 7 8  
1 7 4  
1BC 
18 1 
1 8  2 
1 8 3  
1 8 4  
18 5 
1 8 6  
1 8 7  

184 
19C 1 

1 9  1 
19 2 
19 3 
1 9 4  
19 C; 
1 9 6  
1 9 7  
19 8 
195 
20c 
2 c  1 1 

2 0 2  ~ 

2 0 3  
2 0  4 
20 5 
2 c t  
20 7 
2C8 
205 
2 1 c  
2 1 1  
2 1 2  
2 1 3  
2 1 4  
2 1 5  
2 1 6  
2 1 7  
2 1 e  
2 1 9  

~ 

1 8 8  , 
1 
1 



PR = P 1 / P 2  
GO TO 140 

C 
1 3 2  I F  (PRINoEQoO.0 )  

PR = P R I N  
P I  = P l l N  
P 2  = P l / P R  
GO TO 1 4 0  

1 3 3  P 1  = P l l N  
P 2  = P Z I N  

GO TO 140 

C 

PR C .  

C 
134 I F  (P2IN.NE.O.O) 

c 

GO TO 133 

GO TO 131 
L 
C ERROR I N  PRESSURE DATA 
C 

135 WRITE(  C,  12)  T I T L E  
GO TO ( 1 0 0 ~ 1 1 0 t 1 2 C ~ 1 3 0 ) ~ I N C O O E  

C 
C PRESSURE CATA CONSISTANT 
C 

140 PO = A C A X l ( P 1 , P Z )  
P 3  = P C I N l ( P 1 , P Z )  

C 
C WRITE INPUT DATA 
C 

WRITE ( 6 , 2 0 1  T I T L E  
I F  ( Y  S I .EO. 11 WRITE ( 6 9 2 2  1 R I  NNER, P 1 I  N, P O L W T I R C U T E R ~ P ~ I N  P C P I  

1 
2 SPEED*CONTRR ,CAPVIXTURBIRETURB 

CONLAM, R D  I f  INvPR I N, GAMMA p XLAYeW I D T H  ,TO1 Ne PUI N ,RkLAMr LCSSI 

I F  ( Y  S I 1 € 0 0 2 )  WRITE ( 6, 2 4 )  RINNER ( P l I N ,  COLWT, RCUT ER r P 2 I N e C P v  
1 
2 SPEED,CONTRB,CAPV,XTURR tRETUR6 

CONLAM, R D IF IN ,  PR I N p GAMCA , X LA Fl, WIDTH 9 TO1 N 9 MIJ I N ,RE LAP, L CSS 9 

C 
C CALCULPTE PROGRAM CONSTANTS 
C 

RGAS = R U N I V ( N S l ) / W L k T  
S I G N  = 1.0 
I F  (WIClW.NE.Oo0) GO TO 1 4 1  
WIDTk = P I * ( R l * R 2 )  
FAREA = P I * ( R 2 * * 2 - R 1 * * 2 )  

R O  = R 1  

GO TO 1 4 2  

f A R € A  = WIDTH*RDIF 
CAPV - 0.0 

I F  ( P 2 o G T o P l )  S I G N  = -1.0 

I F  (PZ.GToP1)  RO=R2 

1 4 1  RO * C.6 

SPEED = 0.0 
1 4 2  TO = TOIN 

I F  ( N S  I.EQ.2) T 0 = T O I N * 4 6 0 .  
MU = M L l N  

N = A L O G l O ( P 3 )  
I F  (GAMMAoE0.1.4) M U ~ C N V T ( l , N S I ) * T O * * 1 ~ 5 / ( T O + C N V T ( 2 p h S I )  ) 

2 2 0  
2 2  1 
2 2 2  
2 2 3  
2 2 4  
2 2 5  
2 2 c  
2 2 7  
2 2 0  
2 2 5  
23C 
23 1 
23 2 
2 3 ?  
2 3 4  
2 3  5 
2 3 t  
2 3  7 

2 3 9  
2 4  C 
2 4  1 
2 4 2  
2 4  3 
2 4 4  
2 4 5  
2 4  C 
2 4 7  

2 4 9  
250 
2 5  1 
25 i 
25 3 
2 5 4  
2 5 5  
2 5 t  
2 5 7  
2 5  f? 
259 
26C 
2 6  1 
2 6  2 
2 6 3  
2 6 4  
2 6  5 
2 6 6  
2 6 7  
2 0 8  
2 6 9  
27C 
2 7 1  
2 7 2  
2 7 3  
2 7 4  
2 1 5  

238 

2 4  e 

38 



PTOL = 5 .*lo.+* ( N - 4 )  
IF (SPEEOoEQ.O.0) GO TO 1 4 3  
CAPV = P I*SPE ED+( R 1+R2)  /CNVT13pNSI  i 
GO TO 1 4 5  

1 4 3  IF (CAPV.EQ.0-0) GO TO 144 
SPEED = CNVT( 3 , N S I  ) * C A P V / P I / ( R l + R Z )  
GO TO 1 4 5  

CP = 0.0 
144 PWRSKP = *TRUE* 

1 4 5  If (PWRSKP) P L T S K P l  l l = * T R L E o  
C 
C C A L C U L I T E  ENTRANCE, E X I T ,  AND NIN1HL.N F I L M  THICKNESSkS - ALSO 
C CALCULATE R A D I A L  D I S T R I B U T I O N  OF F I L M  THICKNESS 
C 

DO 1 4 7  J = l , N J  
H1(  J )  = HMEAN(J) - .50*RDIF*SIN(ALPHA(J) )  
Y 2 ( J )  = 2 o O * H M E A N ( J ) - H L ( J )  
H H I N I  J t = A M I N l ( H l ( J )  ,H2( J) 
DO 146 1=1,11 

1 4 6  HI I tJ  ) = H l ( J  ) + ( R O - R l + X ( I  ) * S I G N ) * S I h ( A L P H A (  J) I 
1 4 7  CONTINUE 

C 
C SET UP ARRAY OF LABEL S 
C 

DO 15C I = l r 8  
00 1 5 0  J = l r 4  

DO 1 6 0  1 ~ 1 ~ 8  
GO TO ( 1 5 1 r  1 5 2 r  1 5 3 r  1 5 4 r  1 5  

DO 1 1 5 1  J = l r 4  

1 5 0  C A L C (  I p J  1 = BLANK 

1 5 1  IF (PWRSKP) GO TO 1 6 0  

1 1 5 1  CALC( I r J )  = C l ( J )  
GO Tfl 160 

1 5 2  IF INRMSKP)  GO TO 1 6 C  
DO 1 1 5 2  J-194 

1 1 5 2  CALC( I r J )  = C 2 ( J )  
GO TO I t 0  

1 5 3  IF (PRSSKP)  GO TO 1 6 0  
DO 1 1 5 3  J=1*4  

1 1 5 3  CALC( 1.J) = C3(J )  
GO TO 160 

1 5 4  I F  ( P L T S K P ( 1 ) )  GO TO 1 1 5 4  
CALC( 1 9 1 )  = C4( 1) 
CALC( 1 9 2 )  = C 4 (  2 )  

C A L C (  113 1 = C 4 (  3 )  
CALC(  I r 4 )  zz C 4 ( 4 )  

1 1 5 4  IF ( P L T S K P ( 2 ) )  GO TO 160 

GO TO 1 t C  
1 5 5  I F  ( P L l S K P ( 3 ) l  GO TO 1 1 5 5  

C A L C (  I ,  1) = C 5 f  11 
C A L C (  I t i )  = C 5 ( 2 )  

CALC( I p 3 )  = C5(3) 
CALCf 1 9 4 )  = C 5 ( 4 )  

1 1 5 5  If ( P t l S K P 1 4 ) I  GO TO 1 6 0  

GO TO 160 
1 5 6  I F  ( P L T S K P ( 5 1  1 GO TO 1 1 5 0  

5 r  1 I 1  a 

2 7 6  
2 7 7  
2 7 8  
2 7 9  

2 8  1 
2 8 2  
2 8 3  
2 8 4  
2 8 5  
2 8 6  
2 8 7  
2 8 8  
285 
2 9 0  
2 9  1 
2 9  2 
2 9  3 
2 9 4  
2 9  5 
2 9 6  
2 9 7  
29 8 
2 9 9  
3 0 0  
3 0  1 
3 0 2  
30 3 
3 0 4  
3 0 5  
3 0 6  
3 0  1 
3 0  8 
3 0  S 
3 1 0  
3 1 1  
3 1 2  
3 1 3  
3 1 4  
3 1 5  
3 1 t  
3 1 7  
3 1 8  
315 
32G 
3 2  1 
3 2  2 
3 2 3  
3 2 4  
3 2 5  
320 
3 2  7 
3 2  f! 
3 2 9  
3 3 c  
33 1 

2ac 

39 



CALCI 1 . 1 1  = C6( 11 
CALC( 1 . 2 )  = C 6 (  2 )  

CALC( 1.3) = CE(  3 )  
CALC( 1 9 4 )  = C 6 ( 4 )  

1156 I F  ( P L T S K P ( 6 ) )  GO TO 1 6 0  

GO TO 1 6 0  
1 5 7  I F  ( P L T S K P ( 7 ) )  GO TO 1 1 5 7  

CALC( I t  1 )  = C 7 (  1 )  
CALC( 1 9 4 )  = C7(  2 1  

CALC( 1 9 3 )  = C 7 ( 3 I  
CALC( 1.4) = C 7 ( 4 )  
GO TO 1 6 0  

CALC( 1 9  1 )  = C 81 1I 
CALC( 1 ~ 2 )  C 8 ( 2 )  

1 1 5 7  I F  ( P L l S K P ( 8 1 )  GO TO 16C 

158 I F  ( P L l S K P ( 9 ) )  GO TO 16C 

160 CONTINUE 
C 
C WRITE CkECKED INPUT DATA 
C 

I F  ( N S I o E Q o l I  WRITE ( 6 9 2 1 )  R l * P O , C O L W T e ( C A L C ( l , I  )91=1,4) r R 2 ~ P 3 e  
CP 9 (CALC ( 2 9 1 1  9 I = 1 9 4 1  9 RDI  F 9PR 9 GAMMA 9 (CALC ( 3, I ) * I =  1 9 4 )  9 W IDTHI 
T O p M U ~ ( C A L C ( 4 ~ 1  1 , I = L p 4 )  ,RGAS,SPEED, ( C A L C ( 5 r I  1 9 1 = 1 9 4 I  *LOSS*  
CAPVpf CALC ( 6 9  I 1  9 I f 1 9 4 1  9 (CALC ( 7, I 1 ,I=l ,4 I 9 ( C A L C ( 8 9  I I 9 I s l e  4 )  

I F  ( N S I  o€Qo2 I  WRITE ( 6 9 2 3 )  R l  ~POIYOLWT 9 (CALC(  1, I I 9 I = 1 9 4 )  9 P 2 t  P39 
CPp(CALC(  2 9  1 ) 9 1 = 1 9 4 )  ~ R D I F * P R I G A M M A I ( C A L C ( ~ ~ I  ) 9 1 = 1 9 4 )  rWIDTHv 

CAPV, ( C A L C (  6 9  I )  9 I t 1  9 4 )  9 (CALC ( 7 9  I I 9I=194 1 9 (CALC(8 ,  11 9 I S 1 9  4 )  

1 
2 
3 

1 
2 709HUp ( CALC ( 4 9 1  ) , I =  1 9  41 , R G A S 9  SPEEDI (CALC(  59 I 1 9 1 x 1  94) 9 LOSS, 
3 

U R I T t  ( 6 1 1 9 )  
C 
C BEGIN M A  I K  CALCULATION 
C 

C 
C CHECK FOR RESTARTING WHEN SOME CASES A R t  F I N I S H E D  B Y  PREVICUS 
C RUYNINE OF THE PROGRAM. I F  JDONt  IS GREATER THAN ZERO, READ X AND 
C MACH NUMBER D ISTR IBUTIONS CALCULATtD  BY PREVI OUS R U h N I h G  OF THE 
C PROGRAP. CALCULATE H D I S T R I B U T I O N  AND A*, D I M E N S I P N A L I Z E  XI X * c  
C P*9 ANC T*o  
C 

2 0 0  DO 27C J S l t N J  

I F  (J.CToJDONE) GO TO 2 l C  
RE4D ( 5 9 2 )  JJ ,N ,PSTAR(JJ I  ,XSTAR(JJJ  ,TSTAR 
I F  ( J - E Q - J J I  GO TO 2 C 1  
WRITE ( 6 , 1 5 1  
STOP 

C 
201 READ ( 5 9 3 )  ( X X ( I ) p I = l r N  

REAC ( 5 9 3 )  ( F P (  I )  , I = l v N  
DO 202 I = l r N  
X X ( I 1  = I X ( I ) * R D I F  
HH( I )  = H l ( J ) + ( R O - R l * X X  

PSTPR( J )  = PSTAR( J1*PC 
XSTAR ( J 1 = XSTAR( J ) * R D I F  
TSTPR = TSTAR*TO 
A S T A R ( J I  = H H ( N I  

2 0 2  CONTINUE 
I ) * S I C N ) * S I N ( A L P H A (  J) 1 

3 3 2  
3 3 3  
3 3 4  
3 3 5  
336  
337 
3 3 8  
335 
34C 
34 1 
3 4  2 
3 4 3  
3 4 4  
3 4  5 
3 4 6  
34 7 
34 8 
345 
3 5 0  
3 5  1 
3 5 2  
3 5 3  
3 5 4  
3 5 5  
356 
3 5 7  
3 5 0  
355 
360 
3 6  1 
3 6 2  
3 6  3 
3 6 4  
3 6 5  
3 6 6  
3 6  7 

365 
37C 
3 7  1 
3 7 2  
3 7 3  
3 7 4  
375 
3 7 6  
317 
378 
3 1 4  
38C 
38 1 
302 

384 
38 5 
38 6 
30 7 

36 e 

3 8 3  

40 



I F  (RO oNk .O.O I ASTAR ( J 1 =Z.O*P I *(  RO+ X X  ( N  1 * S I  GFCI *HH ( N  1 
GO TO 2 4 0  

C 
C CALL  SLBROUTINES TO DETERYIhE SCLUTION OF MACH hlJY8ER E N A T I O N  AN0 
C D I S T R I P U T I O N S  OF PARAMETERS THAT VARY WITH X 
C 

210 CALL NCFLOW 
240 CALL C I S T S  

C 
C CALCULATE PARAMETERS THAT VARY ONLY MITH F I L M  TH iCKhESS 
C 

2 4 5  MDOTI J I = W I D T H * H ( 6 r J  I * R H 0 ( 6 9  JJ * U ( 6 9  J J * C N b T ( 4  9NSL) 
Q( J 1 = CNVT(5 ,NSI  )*MOOT(J) 
K N l J )  = i 0 9 6 * M A C H ( 6 r J ) / R E P ( 6 r J )  
L 4 H C A ( J I  = K N ( J ) * H H E A N ( J )  
FMU = P(L 
I F 
R E R ( J )  = R H 0 ( 6 9 J ) * C A P V * H M E A N ( J I / F H U / C N V T t 6 9 N S I )  

( GAMMA EQ 1.4 I F MU-CNVT ( 1 r N  S I ) * T  ( 6 9 J I **I -5 / ( T (6 9 Jt +CNVT ( 2 9  NS I t J 

IF (PWRSKPJ  GO TO 2 6 0  
C 
C CALCULATE POWER, SHEPR HEATp’IOROLE, AND TEPPERATURE R I S E  DUE 
C TO POkER D I S S I P A T I O N  
C 

2 5 0  POWER( J l =  0. 
I F  (REP(  6 9 J  1 oLEoRELAH)  POkER1. J)=FMU*FAREA*CAPU4*2/HCEAN( J ) /  

HSHEAR( J I 

TORQUE(J )  5 P O W E R ( J ) * C N V T ( 9 r N S I  ) /SPEED 
C 
C CALCULA’IE FORCE AND CENTER OF PRESSURE 
C 

1 CNVT(  7 1 N S I  ) 
CNVT( 8 r N S I  )*POWER( J )  

DELTt  J I = HSHEARi J I /ARS(MDOT(  J)  ) /CP 

26C K=O 
KK=O 
FORCE( J t = SIMPSL(O.,RDIF r F F U N C 9 K ) * k I D T H  
X C (  I 1  = S f M P S l (  O.,ROIF~XCFUNC~KK)*WIDTH/FORCE ( J I  

2 6 5  I F  ( K o N E o O )  WRITE ( 6 9 1 3 1  
I F ( K K  oNE.0) H R I T E ( 6 v 1 4 )  
I F  (NRMSKP) GO TO 27G 
FEAR( J 1 = FORC€(JI/RDIF/(PO-P3)/~10~~ 
X C B A R ( J 1  = X C ( J I / R D I F  

270 CONTINUE 
2 7 5  CALL  STFNSS 

C 
C WRITE OUTPUT DATA AND PLOT THEM (SUBROUTINE G R A F I C )  
C 

I F  ( N S I . E O . 1 )  WRITE 16,251 
I F  (NSI.EQ.2) WRITE ( 6 9 2 6 )  
DO 7 1 0  J=l,NJ 
W R I T t  ( 6 9 4 3 )  HMEAN(J) rHMIN(J I rALPHA(J) rMDCT(J I ,E (J I  t R E R ( J I 9  

I F  (ABS(MACH( I l r J ) - l . G I o L T o L o f - 5 J  k R I T E  ( 6 , 4 5 1  
I F ( R  EP( 69 J ) .GT.RELAM .AND.REP ( 6 9  J) eLToRETUR6) 

1 57 I F F (  J ),FORCE( J )  9 X C  ( J )  

WR I T f  (6946 ) 
I F  (REP(6 ,J  ).GE.RETURB I WRITE (6,471 

710 C O Y T I N L E  
C 

3 8 8  
389 
390 
39 1 
39 2 
3 9  3 
394 
395 
39 6 
39  7 
39 8 
295 
40 0 
4 0  1 
40 2 
4 0 3  
40 4 
40 5 
4 0 6  
4 0  7 
4 0  e 
40% 
4 1 0  
4 1  1 
4 1 2  
4 1 3  
4 1 4  
41 5 
4 1 6  
4 1 7  
4 1 8  
4 19 
42C 
4 2  1 
4 2  2 
4 2 3  
4 2 4  
42 5 
4 2 6  
4 2  7 
4 2  e 
425 
430 
4 3  1 
4 3 2  
4 3 3  
4 3 4  
43 5 
436 
4 3 7  
4 3  e 
43 s 
4 4 0  
44 1 
4 4  2 
4 4  3 

4 1  



WRITE ( 6 9 2 7 1  
I F  (.NGT.NPMSKP) WRITE ( 6 9 2 8  
I F  (NSI.EQ.1) WRIT& (6,291 
I F  ( N S I o E Q . Z I  WRITE (693C) 
I F  (,NOT.hRMSKPJ W R I f E  ( 6 9 3 1  
DO 7 2 0  J = l , N J  
WRITE (6948) HMEAN( J ) * H H I N (  J)  * A L P H A ( J ) r K N ( J ) , L A P D A (  J) 9 

1 XSTAR(J )pPSTAR(  J )  
I F  .NCT.NRMSKP) WRITE (6,441 F B A K t  J)  pXCBAR(J)  
I F  (ABStMACH(  L l r J  )-1.O)oLT. l .E-5) k R I T E  (6945) 
I F  (REP(  69 J J .GT.RELAY .AND. REP (61 J) LT. RETURBI WRITE (6946)  
I F  (REP(6 ,J )oGEoRETURB)  WRITE (6947) 

7 2 0  CONTINLE 
C 

I F  (PWRSKP) GO TO 740 
HRITE (6,321 
I F  ( V S I o E O - 1 )  WRITE (69331 
I F  (NSIOE0.2)  WRITE (6134) 
DO 730 J = l e N J  
WRITE (6,431 H M E A N ( J ) * H H I N (  J ) , A L P H A ( J ) * P C W t R (  J) v H S H E A R ( J J p D E L T ( J I *  

1 TORQUE ( J 1 
I F  (AB$(MACH(  l 1 9 J  ) - 1 . O ) o L T o i o E - 5 )  WRITE (6945) 
I F  ( P E P ( 6 * J ) . G T . R E L A M . A N D a R E P ( 6 * J ) . L T . R E T U R H l  WRITE (69461 
I F (R E P ( 6 9 J 1 .GE .RE TUR R WR I TE { 6 9 47 ) 

730 CONTINUE 

740 I F  (PRSSKP)  GO TO 800 
C 

DO 750 J = l * N J  
DO 745 [ = l e 1 1  
I F  ( N S I . E Q . 2 )  T ( I 9 J )  T ( I e J 1 - 4 6 0 -  

I F  (MOC(J931.EQ. l )  WRITE ( 6 9 3 5 )  
745 CONTINLE 

A 1  = W I C T H * H l (  J ) 
A 2  = W I D T N * H 2 ( J )  
I F A 1-20 O*P I * R l * H  1 ( J  ) 
I F ( R O  .NE-0.0 1 A2=2oO*PI*RZ*H2(  J) 

( R O  .NE 00.0 1 

DADR = A B S ( A l - A Z ) / R D I F  
DEL A = ABS( A 1 - A  2 1 / A M I  N 1 ( A  1 9 A2 J 
I F  ('4SI.EQ.L) WRITE (6936) H Y E A N I J ) r H l (  J) r D A D R 9 A L P H A I J ) t  

I F  (NSI.EQ.2) WRITE ( 6 ~ 3 7 )  HHEAN(J )  pH1( J) * D A D R p A L F H A ( J ) r  

I F  ( A B S ( M A C H ( l l r J ) - l . O ) . G T . l - E - 5 )  WRITE (6938) 
I F  ( A B S ( P ( l l * J ) - P 3 ) o G T . P T O L )  WRITE (6,391 
WRITE tCp401 
I F  ( N S I o E O o l J  WRITE (6941) 
I F  (NSI.EO.2) WRITE (6942) 
WRITE (6943) ( X ( I ~ ~ H ( I , J ~ ~ M A C H ( I I J )  , U ( I P J ~ ~ R H O ( I ~ J I  * P ( I v J 1 e  

1 k 2 (  J I g D E L A  

1 kZ(  J IpDELA 

1 1 ( 1 9  J ) * R E P (  1 9  J) 9FR I C T (  1 9  J 1 9 1  = 1 , 1 1 )  
750 CONTINUE 

800 CALL ERAFIC 
C 

GO TO ( 100e 1109 12C9 1'30)~ INCOOE 
C 
C END O F  PROGRAM 
C 

444 
44 5 
446 
44 7 
44 8 
445 
450 
45 1 
452 
453 
454 
455 
45t 
45 7 
45 e 
459 
460 
46 1 
462 
46 3 
464 
46 5 
466 
4 6 7  
468 
46F 
47 0 
47 1 
472 
473 
4 74 
47 5 
476 
477 
478 
475 
480 
48 1 
48 2 
48 3 
4 8 4  
48 5 
486 
487 
48 e 
489 
49c 
49 1 
492 
49 3 
49 4 
49 5 
496 
49 1 
49 8 
49 s 

42 



1 FORMAT ( 12A6) 

3 FORMAT ( 5 E 1 4 . 7 )  
2 FORMAT ( 2 % ~  I39 3x9 I 3 t 5 X t E l 4 .  7 t 5 X , k 1 4 * 7 9 5 X i t  14.7) 

1 0  FORMAT ( lb1,22HAREA EXPANSION PROGRAMtSX91ZA6 9 /  t l H O  9 

1 35HFLOW LENGTH PARAMtTERS INCONSI  STANT, 5X 94HR 1 ( G 1 0  -39  5X t 
2 4HR 2 =* G l 0 0 3 t  5 X t  7 H R 2 - R l  =rG13.3 t5X97HWf DTH = tG10.3) 

1 26H INSUFF I C  I E N T  PRESSURE DATA 95 X p  l l H P G  P3 = 0 1 
1 2  FORMAT ( l H l r 2 2 H A R E A  EXPANSICN P R O G R A M t 5 X t l Z A 6 t / t l H O (  

1 3  FORMAT ( lHO(53HINACCURATE NUMERICAL INTEGRA11 ON I N  FORCE C A L C U L A T I  

1 4  FORMAT ( lPOt66HINACCURATE NUMERICAL INTEGRATION I N  CENTER CF PRESS 

1 5  FORMAT l I - 0 ~ 2 6 H D I S T R I B U T I C N S  OUT OF ORDER)  

10N) 

lURE CALCULATION I 

19 FORYAT ( l H 0 9 4 4 X 9  30H*****************4************9/ (1H 9 4 4 X  9 1H*t 
1 2EXt  1H*r / v l H  9 4 4 X t 3 O H *  / - CHOKED FLOW * r / t l H  t 

2 4 4 X p 3 0 H *  + - T R A N S I T I O N  REGION * , / r l H  944x1 
3 30H* T - TURBULENT FLOW * t / t l H  t 4 4 X 9 1 H * * 2 8 X t l H * , / r  
4 1H ,44X 3oH****************lt*******+*****) 

20 FORMAT ( lH l971HPROGRAM FOR QUASI-ONE D I M E h S I O N A L  F L t w  WITH FRICTIO 
1N AND ARFA E X P A N S I O N ~ / ~ ~ H O I ~ C X ( ~ ~ A ~ ~ / )  

22 FORYAT t LHOt 1 2 H  INPUT DATA - t /  t l H C 9  l O X t 9 H R l r M E T E R S  r 2 2 X  r 7 h P 1 9  hSMA9 
1 l @ X t  16HMOLECULAR W E I G H T I ~ ~ X I ~ H F = K / K E * * N  t /  91H 9E18.3, E30.39 
2 F 2 9 * 3 ~ 2 2 X t 9 H * * * * * * * * *  r / , l H O t 1 0 X t 9 H R 2 r H E T E P S r 2 2 X r 7 H P 2 t ~ S H A p  
3 
4 E 3 0 - 3 9 E  28 -3 ,F 30.3t / 9 l H O t 6 X  918HFLOW LENGTH (METERS 18X 9 

5 
6 
I 17x1 18HV1 ! X O S I T Y t N - S E C / M 2  t 9 X t 2 4 H U P P E R  L I M I T  R E  ( L b ) r I  h A R )  9 / t  

8 1H t E  18.3tF 2 9 o l r G 3 2  o 4 9 F 2 8 - 1 9  /91HS939X 9 1  OHLOSS COEFot  21x9 
9 SHSPEED tRPS t 19x1 12HK(TURRULENT) , / t l H  r F 4 7 . 2 r E 3 2 . 4 r G 3 0 - 4 , / r  
X t F77 2 9 6 3  2 0 4 9  / 9 

1 l H O t 9 1 X r 2 6 H L O U E R  L I M I T  RE (TURBULENT),/ p l t ’  r F 1 0 7 . 1 1  

17X p 18HCP t JOULE 5 /KG-DEG 

5HP l / P 2  9 24X t 5HGAMMA t 2 3 X  t 1 OHh( L A M 1  NA R 1 r /  t 1H 
F 2 9 - 3 t F  30 - 2  9 It l H O t  7X t 17HF LOW 

K 9 1 6 X  t 1 OHK ( LAP1 NA P 1 9  / 9 1 H p E 1 8  039 

p E 18 03 *E29 -39 
WIDTH t METE RS e 1 6 X  t8HT CI DEG K t 

1 k 0 t 70X 9 7HV 9 M /SEC 9 2 1 X 1 2 H  N ( TUR R ULEN T ) t / r 1 H 

2 1  FORMAT ( lHO913HOUTPUT DATA - t / t  l H O ( l O X r 9 H R l r M E f E R S ~ 2 2 X t 7 H P C / N S M A ,  
1 1 8 x 9  16HMOLECULAR WE IGHT,17X99HCALCULATE 9 /  91H ( € 1 8 - 3 9  E 3 0 0 3 9  
2 1 O X  99H R 2  t ME TE RS t 2 2X 9 7HP3 /NSMAr 
3 17x9 18HCP (JOULE S/KG-DEG K 9 9 X 9 4 A b t  / 9 1H 9 €18.3 r E30.3(E28.3t  / 9  

4 1H 9 9 2 X  94A69 / t l H  ( 6 X  9 18HF Lot4 LENGTH t METERS 9 18 X t  5HPO/ P 3 t  2 4 x 9  
5 SkGAMMA 9 / p l H  ,E 18.3 92F29.3 p t 6 X t 4 A 6 r  / 9 1 H O  94x9 
6 22HMEAN FLflW WIDTHI METERS, 1 4 X  98HTOtDEG K 917x1 
7 I B H V I S C O S I T Y I N - S E C / M ~ ~ ~ ~ X ~ ~ H P L O T ~ / ~ ~ H  tE18.3 tF29.3pG32.4 t  
8 
9 
X 1H * E 4 8  - 3 9 6 3 2  - 4 9  / t  1H ( 9 3 X  9 4 A 6  9 / c l H  r 3 9 X  9 lOHLOSS COEF - t 
1 
2 1b0193X 14A69  / 1 

1 1 8 x 9  16HMOLECULAR WEIGHT917Xv9HCALCULATE t /  t l H  9F18-4 ,  F 3 0 - 3 9  
2 F 2 9  * 3 p  2 2X t9H**** * * * * *  9 / 9 1HO 9 10x9 9HR 2 9 I N C H  ES t 2 2X 9 7FP3 t PS I A 9 

3 18x1 16HCPtBTU/LBM-DEG R t L O X t 4 A 6 r / 9 1 H  tF 18 - 4 p f  30.39F28.39 / t  

4 l b  99ZX t 4 A 6 t  / 9  1H 9 6 X  t 18HF LCH L t  NGTH INCHES 9 1 8  X v  5HPO/ P 3 9 2 4 X t  
5 
6 22HMEAN FLOW H I  DTH, INCHE SI 1 4 X  r8HTO 9 OEC R 9 16X t 
7 
8 
9 24bGAS C O N S T A N T I L R - F T / L B M - R ~ ~ ~ X ( ~ H S P E E D  (RPM914X r 4 A 6 t / t  1H t 

X F 4 7 - 5 t G 3 2 . 4 9  / p l H  9 9 3 X 9 4 A 6 9 / v l H  ( 3 9 X 9 l O Y L O S S  CCEF. 9 

F 2 9  .3t 2 ZX 9 9H*********  t / p 1HO 

1 4 x 9  22H*****4*444******4**4** t / t l H a  9 3 0 X  9 

28bGAS CONSTANT9 JOULE S/KG-DEG 

2 1 x 1  7HV t M/SEC 9 / 9 1H 

K t 1 2  X 99HS PEED, RPS 9 14X t 4 A 6 t  / 9 

9F47.2 * E 3 1  3 9 1 5 X  94A5 t /  tlYO t93X 94A6r / r  

23 FORMAT ( l k 0 9 1 3 H O U T P U T  DATA - t / t l H 3 t l O X ~ 9 H R l r I  NCHES ( Z Z X ~ ~ H P C I P S I P ~  

SHGAMMA t / t LH t F  1 8 - 4 t Z F 2 9 . 3  ( 1 6 X 9 4 A 6  t /  t 1HO 9 4 x 9  

20HV I S C O S  I T  Y 
14x9 2 2 H * * * * 4 * * * * * * * * * * * * * ~ * * * 9  / 9 1HO 932X 9 

LB-SEC / I  N Z t  1 8 X  t 4HPLOT9 / t 1H 9 F 1 8  49 F 29- 3 t G32.39 

5 0 0  
50  1 
5 0  2 
503 
5 0  4 
50  5 
5 0 6  
5 0 7  
5 0  8 
5 0  9 
5 1 0  
5 1 1  
5 1 2  
5 1 3  
5 1 4  
5 1 5  
516 
5 1 7  
51@ 
5 1 9  
5 2 0  
5 2  1 
5 2 2  
5 2  2 
5 2 4  
5 2 5  
526 
5 2 7  
528 
5 2 9  
5 3 0  
53 1 
53 2 
5 3  3 
5 3 4  
5 3 5  
5 3 6  
5 3 7  
5 3 8  
539  
5 4 0  
5 4  1 
5 4  2 
54  3 
5 4 4  
5 4  5 
5 4 6  
5 4  7 
5 4  8 
5 4 5  
5 5 0  
5 5  1 
5 5 2  
5 5 3  
5 5 4  
5 5  5 

43 



1 21x9 8HV ,FT/SEC, I t  1H 9F47.2 9F30.2  9 1 6 x 9 4 4 6  9 1  91H0993X94A69  / 9 

2 1kO9 9 3 r  9 4 A 6  9 / 1 
2 4  FORMAT ( l H O t  1 2 H I N P U T  DATA - ~ / ~ ~ H O , ~ O X I ~ H R L I I N C H E S I ~ ~ X , ~ ~ P L  9 PSIA ,  

1 18x9 16HMOLECULAR W E I G H T I L ~ X * ~ H F = K / R E * * N , /  p1H 9F18.49 F30.39 
2 F 2 9  39 2 2X 9 9H********* e 1 9 l H 0 1 1 0 X  99HR2 9 INCHES 92 2X 9 7HP2 9 P S I  A 9  

3 l e x ,  L~HCPIBTU/LBM-DEG RIL~XILOHK(LAMINA P I  9 /  91H *F18.4*F30.3e 
4 LENGTH9 INCHES 9 1 8 X 9 5 H P l /  P2924X9 
5 9F 18 -4 9F 2 9  03 9 F 29 3 9 F3 0 , 2 /  9 

6 1PO9 7x1 17HFLOk Y I D T H t I N C H E S 9 1 6 X 9 8 H T C , D E G  F917X9  
7 2 0 k V I S C O S I T Y , L B - S E C / I N 2 r  8Xv24HUPPER L I M I T  RE ( L A N  INAR ) 9 /  9 

8 
9 
X 
1 lH0991Xr26HLOWER L I M I T  R t  (TURRULENTJr /  9 l H  r F l O 7 . l )  

1 1 k 0 9 1 1 X p 5 H R E ( R I  P ~ X I ~ H S T I F F N E S S ~ ~ X ~ ~ H F O R C E ~ ~ O X  r Z H X C p / r  1H 9 5 x 9  

2 tHMETER S 9  8X 9 6HME TERS 9 6 X  9 7HRADIANSp 6X96HKG/SEC 98X 9 4HSCMS 9 2 3X t 
3 ?I’N/Mp 1 1 X p l H N  r l O X 9  6HMETERSJ 

1 
2 
3 

F28.39F 3C.391 t l H 0 9 6 X ~  18HF LOW 
5k GAMMA 9 23X 9 10H h ( LA M I  NAR I 9 / 9 1H 

1H 
St’SPEEO t RPM 9 1 9 X  t 12HK(  TURBULENT) 9 1  , l H  
1kO970X 9 8 H V * F T /  SEC ~ 2 0 X  9 12HN( TURBULENT) 9 / 9 LH 

9 F 18 -4 cF 29.1 r G 3 2  - 4  r F 2 8 .  1 9 1  r l H O  9 3 9 X  9 1  OHLOS S COEF. 9 2 1 X  T 

9F47 - 2 9 E 3 2  o49G30.49 / e  
9 F77.29G32.4/ 9 

2 5  FORMAT I 1H1, 5Xp7HH(CHAR J 9 7 X f 6 H H ( M I N )  r7X95HALPHA 9 7 X  96HM( DOT 1 9 9 x 1  

2 6  FORMAT ( 1H195X 9 7HH ( MEA N 1 9 7X 9 6HH ( MI N ) 9 7 X  9 5HALP HA 97X 9 6HM ( COT I 9 9 X  9 

1PQw 1 1 X  9 5HRE t R )  r 6 x 9  9H S T I F F N E S S I ~ X ~ ~ H F O R C E  9 l O X  ,2HXCq/ 9 1H t 6x9 
t k  INCHE S, 7X 9 6 H I  NCHE: S 9 7X 9 7HRADI A NS 9 5 X 9  6H L B /  M I  N 98 X 94HS CFM9 2 2X 9 

5 k L B / I N  9 1 O X  9 2HLB 9 9 X  9 6 H I  NCHE S )  

6HLAMBDA 99Xp4HX ( * )  9 9X94HP ( * I  1 
2 7  FORMAT ( lHOpSX,7HH(MEAN)r  7 X p 6 H H ( M I N ) r 7 X , 5 H A L P H A ~ 7 X ~ 7 H K M J O S E N ~ 6 X t  

2 8  FORMAT ( l I ‘ + r 9 7 X p S H F O R C E 9 l C X 9 2 H Y C )  
2 9  FORMAT ( 1H 9 5 x 9  6HMETERS9 8X 9 6HMETERS96X97HRADI ANS 9 6 X  96HNUMBERo 7 X  9 

3 0  FORMAT ( 1H 9 5 x 9  6H INCHE SpBYp6HINCHES 96X97HRADI ANSr6X 96HNUHBERv7X 9 

3 1  FORMAT ( l H t , 9 7 X , S H ( B A R ) r 9 X ( 5 H ( B A R )  1 
32 FORMAT 

3 3  FORMAT ( 1H ~ 5 X r 6 H M E T f R S r 8 X , 6 H M t T E R S ~ 6 X r 7 H R A D I  A N S I ~ X ~ ~ H W A T T S * ~ X I  

34 FORMAT 

1 

1 tkMETER SI 8X 96HYETERSp 8X 94H h / M 2 )  

6kINCHE SI 8X 9 6 H I  NCHE S ,  8X p4HPSI A )  1 

( 1HOp 5 x 9  7HH( MEAN) 9 7X 96HH ( P I N )  9 7 X  p5HALPHA98X 95HPOWER96X9 
1 @ k H (  SHFAR 1 9  ~ X I ~ H D E L T A  ( T I  9 7X96HTOROUEl 

1 5kWATTS9 8x9 SHDEG K t l O X 9 3 H N - Y )  

1 7WRTU/MINp7X~SHDEC F V ~ X ~ ~ H F T - L B I  
t 1H 9 5X 9 6H INCHE Sr 7 XI 6 H I  NCHES r 7 X  9 7HRADI ANS99 X 92HHP98 X 9 

3 5  FORMAT (1H1) 
3 6  FORMAT ( lbO,9HH(MEAN) = t G 1 1 - 3 , 7 H  Y E T E R S ~ ~ X I ~ H H ~  =,G11.3,7H PETEPSI 

1 5X 9 1 1HDA IDR =9G11.395X97HALPHA =9G11.398H RADIANS, / (  1H 9 

2 ?2X94HH2 = t G  11. 39 7H METERS ~ ~ X I L ~ H D A / A  ( M I N  1 = 9 G l 1 . 3 )  
3 7  FORMAT ( lHO99HH(MEAN 1 =9G 11.3 9 7H I N C H ~ S , ~ X I ~ H H ~  = r G l l  - 3 9 7 H  INCHES9 

1 5 x 9  l I H D A / D R  =9G11.3*5X97HALPHA = 9 G l l o 3 r B H  R A D I A N S * / r  1 H  9 

2 32Xp4HH2 i 9 G 1 1 . 3 9  7H I NCHE S t 5 X  r l l H D A / A  ( M I  N = 9G11.3) 
3 8  FORMAT ( l k + 9 9 2 X 9 1 5 H f S U B S O N I C  F L O k ) )  
39 FORMAT ( l H + 9 9 3 X r 1 3 H ( C H O K E D  F L O M ) )  
40 FORMAT ( l t ’ O 9 8 X 9  l H X e l l X p  LHH , L L X ~ ~ H Y A C H P ~ X ~ ~ H V E L O C I T Y  r8Xr7HOENS I T Y ,  

4 1 FORMAT 
1 3 x 9  8HPRE SSURE 9 4 x 9  11HTEMPt  RATURE t 7 XI SHRE ( P 1 9 6 X  98HFRICT I O N )  

9 6X 9 6HMETERSq 4 X  9 6HMk TERS 9 7X r6HFIUMB ER 9 6 X  9 5HM/SEC 9 1 O X  9 

9 5X 9 6HINCHE SI 7X 9 6 H I  NCHE S t 7 X 9 6HNUMR ER 95X 96HFT/SE C 9  7 X  9 

( 1H 
1 5kKG/M3,6X, 4HN/M2*9X*5HDEG K I ~ ~ X I ~ H F A C T O R )  

1 
4 2  FORMAT 

4 3  FORMAT ( 1 H  r 9 G 1 3 . 3 1  
4 4  FORMAT ( 1 H + , 9 l X * 2 G 1 3 . 3 )  
4 5  FORMAT ( 1 H + 9 1 H / )  
4 6  FORMAT ( I b t 9 2 H  4 )  
4 7  FORMAT ( I P t 9 2 H  T )  
4 8  FORMAT ( 1 H  ~ 7 G 1 3 . 3 )  

( lt’ 
11 HLB-S t C  2 /FT49  3X 94HP SI A 9 9 x 9  SHDEG f 922X 96HFACTOR 1 

C 
EN D 

44 

5 5 6  
5 5 7  
55 E 
5 5 9  
5 6 0  
5 6  1 
5 6  2 
5 6 3  
5 6 4  
5 6  5 
5 6 6  
5 6 7  
5 6  8 
5 6 9  
5 7 0  
57 1 
5 7  2 
5 7 3  
5 7 4  
5 7 5  
5 7 6  
5 7 7  
5 7 8  
575 
58C 
58 1 
5 8 2  
5 8  3 
5 8 4  
5 8 5  
5 8 6  
5 e 7  
588 
5 8 9  
59 0 
5 9  1 
5 9 2  
5 9  3 
5 9 4  
5 9  5 
59 6 
59  7 
59 8 
5 9 5  
60 C 
6 0  1 
6 0 2  
6 0 3  
604 
6 0  5 
6 0  6 
60  7 
608 
60 5 
61C 
6 1  1 
6 1 2  
6 1 3  
6 1 4  



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

DETERMINE THE MACH NUMBER D I S T R I B U T I O N  SUCH THAT H = 1 - 0  AT X = X * -  
FOR CHOKED FLOUr  X*=RDIF - FOR SUBSONIC FLOW, P2=P3-  

PROGRAM VARIABLES ***** *++*** ****** 
ENTRANCE CONDI T IONS ** ** * ******* ** ** *** 

H 1  - F I L M  THICKNESS 
A 1  - CROSS-SECTIONAL AREA 

FY(  1) - I N I T I A L  GUESS OF MACH NUMBER 
T T 1  - TEMPERATURE 

P 1  - PRESSURE 

EX I T  CONDIT IONS ** ************* 
H 2  .. F I L M  THICKNESS 
A 2  - CROSS-SECTIONAL AREA 
P 2  - PRESSURE 

FM2 - MACH NUMBER 

CON0 I T  IONS AT  CHOKING 
*****e*************** 

XSTAR - FLOW LENGTH 
HSTER - FILM THICKNESS 
ASTER - CROSS-SECTIONAL AREA 
PSTER - PRESSURE 
TSTAR - TEMPERATURE 

PROGRAM VAR I A B L E S  ***+** *********** 
DELX - STEP S I Z E  

N - NUMBER OF POINTS I N  SOLUTION OF MACH NUMBEP EOUATICN 

A R I T H M E T I C  FUNCTION FLGRNG DOES A 3 POINT LAGRANGE INTERPOLATION 

SUBROUT I N E  NC FLOW 
OOUBL E 

REAL LOSSvYU 
COMMON /ARRAYS/€ I( 231) rFMM ( 1  lr20) 9E2( 1420) ,HI( 20 1 rHZ (20 

COMYON/TRAYS/N,X( 201) ,FM( Z O l ) , H ( 2 0 1 ) r J , T S T A R  
COM MON /COk S TS /GAM MA ,R D I F  9 P.0 9 S I G N 

PRECIS  I O N  XeFM ,HI XO 9 X 1  ,X2rYO,YL r YZ , X X (  2 )  rPP  ( 2 )  9 F p 2 *  PZC 
1 A S TER 9 P STER pP 1 v A 1 r A 2 

,ALPHA( 2 0 ) s  
1 kMEAN( 2 0  1 ,X STAR ( 2 0 )  r PSTAR (20) (ASTAR(20)  

RE F ( 6 9 T 0 9 PO t P 3  9 PT CL * R GAS v LOSS 9 

1 MU, P I R UN I V ( 2 1 r CNVT ( 1 1 2 1 9 N S I  

D I M E N S I O N  SX( 2 0 1 ) 9 S Y (  2 0 1 )  
FLGRNG ( X 9 XO, X 1, X 2  9 YO, Y 1 9 Y 2 )  = Y C* ( X - X I  b * ( X-X2 1 / ( X O - X l )  / (Xf l -X2 1 + 

1 
2 f X 2 - X l )  

Y l*( x-xo ) * (  X-XZ) / ( x 1-xo I / ( x1- x2 1 + Y 2 * (  x- X O )  * ( X - x  1 )  /I x 2-XO) / 

SET BOLNOARY CONDITIOh(S - D E F I N E  C O h S T A h T S  NEEDED I h  SOLUTICN OF 
MACH NUMBER kQUATION 

1c 
11 
1 2  
13  
14 
1 5  
16 
1 7  
l e  
19 
2 c  
2 1  
2 2  
23 
24 
2 5  
20 
27 
2 8  
29 
30 
3 1  
3 2  
3 3  
34 
3 5  
3c  
3 7  
3 8  
39 
4c 
41  
42 
43 
44 
45 
46 
47 

49 
5c 
5 1  
52 
53 
54 
55 
56 
5 7  

ce 

5 e  
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P n L C  = c.0 
E X  = .CG 
NN = P L O G l O ( R D 1 F )  
XTOL = ROIF*lO.O**(NN-51 
FM( 1) = .25DO 
I F  (J.NE.11 FM( 1 I = F Y ~ ( l t J - 1 ) * H 1 ~ J I / H l ~ J - l )  
C.ON = S I N ( A L P H A ( J 1 )  
X ( 1 I  = 00 
tit11 = I - l ( J )  
I F  (SIGh.LT.0.C) H (  1 1 4 2 1  J ,  
I F  (RO.EQ.O.0) GO TO 90 
A 1  = Z.C*PI*R@*H( 1 1  

I F  (SIGN.LT.O.01 A2=2.0*PI*(RO-RDIF)*Hl  
GO TO SC 

90 A 1  = k ( 1 )  
A 2  = b ( l ) + R O I F * C O N  

9 5  X X ( 1 1  = c o o  
X X ( 2 )  = 0.0 
P P ( 1 )  = 0.0 
P P (  21 = (2.0 

I F ( S  I CK .GT.OoO 1 A2=2eO*PI *  (RO+RD I F  )*HZ 

C 

J l  
J l  

C GUESS P STARTING lALUE F O R  THE EhTRANCE CACH NUPBER - CALL 
C SUBROUTINE R K 1  TO F I N D  THE SOLUTION OF THE MACH NUMeER EQUATION 
C 

100 CALL R K l ( C O N 1  
FMOLD = FM( 1 1  
X S T A R I J )  = X ( N 1  
I F  (XS1AR(J l .LT .RDIF l  GO TO 145 

C 
C CALCULATE P 2  
C 

120 T T l  = T O / ~ 1 ~ O + ~ 5 O * ~ G A Y ~ A ~ 1 ~ O I * ~ F ~ ~ l l / L O S S ~ * * 2 ~  
T ST AR = T T  l* ( 1 + 5* ( G A M MA- 1 I *F M ( 1 1 * * 2 1 / 5 / (G AM HA+ 1 1 
HSTER = P ( N I  
ASTER = I-STER 
I F  (RGoNEoOoOl  ASTER=2oC*PI*(RO+XSTAR( J I * S I G h I * H S T E R  
P 1 = P 0 / ( 1 + 5* ( G AYMA- 1 I * ( F M ( 1 1 /L 0 S S I * *2 I ** ( G A CMA / ( G AM MA- 1 I I 
PSTER = P l * A  1*FM ( 1 t /A STEH* SQR T(  ( 1.0+. 50* (GAMMA- 1 .0 I *F PC ( 1 I **2 1 / 

. 5 / (  GAYMA+ 1. I I 1 
C 

13C FM2 = ],DO 
X I  = 1 
IF ( A H S ( R C I F - X S T A R t J )  I o L E o X T O L )  GO TO 143 

I 1  = I 
IF ( R D I F - X (  I )  I 1419 1429 140 

1 3 5  00 140 I = l t N  

140 C O N T I N C E  
1 4 1  I F  ( I I . L E o 2 I  I I = 2  

I F  (11.Gk.Nl I I = N - l  

GO TO 143 
1 4 2  F Y Z  = F M ( I I I  

F M 2  = F L G R N G ( H D I F p X ( I 1 - 1 1  s X ( I 1  I , X ( I I + l )  t F M ( I 1 - 1  ) t F M ( I  I )  ,FM( II+l)I 

1 4 3  P 2  = A S T E R * P S T E R / A Z / F M 2 * S Q R T (  . 50* (GAMMA+leOI /  ( l o o + .  50*(GAMPA-1.0) 
1 *FMZ**2 I I 

C 
C FOR CkCK€C FLCWt C M I T  I T E R A T I O N  FOR P2=P3  
t 

I F 
I F  (ABS(PZ-P3I .LT.PTOLl  G O  TO 160 

( A B S  ( XSTAR ( J I-RD I F  I OLE XTOL. AND. P 2  .Gt P3 I GO T C 160 

5 9  
6C 
6 1  
6 2  
6 3  
6 4  
65  
66 
6 7  
6 8  
6 9  
7 c  
7 1  
7 2  
73 
74  
7 5  
76  
77 
7 8  
79 
8C 
8 1  
82  
8 3  
84  
8 5  
8 6  
8 7  
8 8  
89  
90 
9 1  
9 2  
9 3  
94 
9 5  
96 
9 7  
9 8  
95 

10c 
10 1 
102 
10 3 
104 
10 5 
106 
10 7 
108 
109 
11c 
11 1 
1 1 2  
1 1 3  
114  
1 1 5  
116 
1 1 7  
118 
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C 
C FOR SUESONIC FLOW* COMPARE P2  AND P 3 0  I F  THEY'ARE KUT EQUAL9 SAVE 
C THE VALUES OF P 2  AND M 1 .  WHEN 2 SUCH POINTS HAVE BEEN SAVED, DC A 
C L I N E A R  INTERPOLATION TO DETERMINE THk ML THAT CCRRESPChCS TC P2=P3 
C 

I F  ( P S T E R o L E o P 3 1  GO TO 14t 
I F  ( P  STER .LTo 5DO*P2) E X=EX/LoO 
I F  ( A B S ( P O L D - P 2 ) . L T o l O o O * P T O L )  EX=EX/ZoO 
I F  (EX.LTo.1)  EX=EX*2.0 

144 POLC = P 2  
1 4 5  FM( 1) = FM( l ) * ( X S T A R I  J ) / R D I F ) * * E X  

GO TD 153 

X X (  1) = F M ( 1 )  
P P (  1) = P 2  
I F  (XX(E) .NEoO-G)  G O  TO 152 
I F ( S I Gh .GT -0 0 .OR AB S ( XS TAR ( J 1 
FMI 1) = FM( l ) * ( R D I F / X S T A R (  J l J * * 0 2 5  

146 I F  ( P 2 o G T o P 3 )  GO TO 1 5 0  

RDI  F j LT. XTOL 1 

GO TO 153 

X X ( 2 )  = F M ( 1 )  
P P ( 2 )  = P 2  
I F  ( X X 1 1 ) o N E o O o O )  G O  TO 1 5 2  

150 I F  (P2.ET.PP(2) )  EX=EX/2.C 

151 FM( 1) = F M ( l ) * ( P 2 / P 3 ) * * E X  
GO TO 1 5 3  

GO TO 151 

1 5 2  FN(  1) = ( P 3 - P P t 2 ) ) * ( X X ( l ) - X X ( 2 ) ) / ( P P ( l ) - P P ( 2 )  ) + X X ( 2 )  
1 5 3  I F  ( f M ( l ) . L T . l o D O )  G f l  TO LOO 

FM( 1) = (2.DO*FMOLD+l.DO) /30DO 
GO TO 100 

C 
C SOLUTICN COMPLETE (SATISFACTORY X* FOUND AND P2=P3 FOR SUBSONIC 
C FLOW) - PUNCH X AND H ON CARDS FOR RESTARTING 
C 

160 ASTAR( J 1 3 ASTER 
P S T d R (  JI  = PSTER 
I N D  = C 
DO 1 7 0  I x 1 , N  
IF ( 1 . E a . i )  GO TO 1 6 5  
I F  (1.EQ.N) GO TO 1 6 6  
I F  ( X (  I ) - S X ( I N D ) o L T . l o E - 8 )  GO TO 1 7 0  
I F  t f M (  I ) - S Y t  IND) .LTo 1.E-8) GO TO 170 

1 6 5  I N 0  = l N D + l  
166  S X (  I N 0  = X ( I  t 

1 7 0  CONTINUE 
q Y (  I N O )  = FMt I) 

DO 1 7 5  I = l , I N D  
SX(  I) = S X ( I ) / R D I F  

PPUNCH = P.STAR( J ) /PC 
XPUNCH = XSTAR( J ) / R D I F  
TPUNCI- = TSTAR/TO 

K = O  
NNN = ( I N D / 5 1 * 5  
NN = N h l N + l  
00 1 8 0  I = l r N N N v 5  
I 1  f I44 
WRITE ( t r  11) ( S X (  J )  t J = I r I  I )  9K 

K = K + I  

175 C O N T I N L E  

WRITE ( 69 10 j J t I N 0  9 PPUNCH , XPUNCH , TPUNCH 

1 1 9  
1 2 0  
1 2  1 
12 2 
1 2  3 
124 
12  5 
1 2 6  
1 2  7 
128 
1 2 9  
1 3 0  
1 3  1 
1 3 2  
133 
1 3 4  
135 
1 3 6  
137 
138 
1 3 9  
1 4 0  
14 1 
1 4 2  
14  3 
144 
145 
14t 
14 7 
148 
149 
150 
1 5  1 
1 5 2  
153 
154 
155 
156 
15 7 
1 5 8  
159  
160 
1 6  1 
1 6 2  
1 6 3  
1 6 4  
16  5 
1 6 6  
1 6 7  
1 6 8  
1 6 9  
170 
1 7  1 
17  2 
1 7 3  
1 7 4  
1 7 5  
1 7 6  
1 7 7  
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L R C  CDNTINLE 
I 1  = IhD-hNY 
I F  ( I  I.EQ.1) WRITE ( ‘3,121 ( S X ( J ) , J = N N , I N D J , K  
I F ( S X  ( J )  p J=NN , I  NO) p K 
I F  ( I  I o E Q . 3 )  WRITE ( ‘3,141 ( S X (  J )  9 J=NN,INDJ, K 
I F  ( 1 1 - E Q - 4 )  k R I T k  ( 6 r 1 5 )  ( S X ( J ) , J = N N * I N D ) * K  

( 1 I o E 3 . 2  1 WRITE ( b t  13) 

K = K t 1  
DO 1 8 5  I = l r N N N 9 5  
I I  = I t 4  
W R I T E  ( t p l l )  ( S Y ( J I  r J = I , I I  J p K  

K = K t l  

I 1  = IhC-NNN 
1 8 5  CONTINLE 

I F  I 1  I - E Q - 1 )  WRITE ( 6 . 1 2 )  ( S Y ( J ) r J = N N 9 I N O J r K  
I F ( I I o E Q  - 2  WR I T €  ( 6 9  13) ( S Y  ( J )  J=NN 9 1  NO J p K 
I F  ( 1  I -EQ .3J WRITE (69 1 4 1  ( S Y (  JJ 9 J=NNIINO) 9 K 
I F ( I I .EQ - 4 )  WR I TE ( 69 1 5 )  ( S Y  ( J J 9 J=NN I ND) 9 K 
RETURN 

C 
10 FORMAT ( 2 H *  9 2 H J = r I 3 , 3 H  N = , I 3 9 5 H  P* = r E 1 4 * 7 9 5 H  X *  =,E14.795H T *  =( 

1 E 1 4 - 7 )  
11 FORMAT ( 2l’* 9 5E 1 4 - 7 9  I LO) 
1 2  FORMAT (2H* , E 1 4 . 7 r I 6 6 J  
1 3  FORMAT (it-* 9 Z E 1 4 . 7 r I  5 2 1  
1 4  FORMAT ( Z H *  3E 14.791 3 A J  
1 5  FORMAT (2k* ,4E14.7,124J 

C 
EN r) 

C 
C 
C 
c 
C 
C 
C 
C 
c 
C 
r. 
C 
c 

2 
C 
c 
c 
c 
c 
C 
r: 
c 

c 

CISlh 1 E t 7  I O N S  !7F PRESSURE, 1EIPEGATURE9 O E h S I T Y 9  CbCH hUIYBLR9 
V E L O C  I 1 Y v  REYh13LqS A U Y B E R .  AND F t A N  F R I C T I C h  FbCTCP 

h - NCMHCR CIF P O I k l S  I F  S C L l l I C N  CF PPCH h L N B E P  ECUATICh 
X X  - A R R A Y  OF I N Q r o E N D k h T  V A R I A B L k  ( D I S T A h C E )  I h  S O L U T I C h  C F  

F U  - M A C H  h ; C L l @ t F (  d R R 4 Y  FPCP S C L L l I C h  CF MPCt- NUCeER E Q U b T I C h  
M A C H  h 1 Y E i R  E O L ‘ A T I C h  

X -  
‘44r.C - 

T -  
u -  
F -  

R € P  - 
FF l i T  - 

p b r  - 

A R R A Y  C F  fiQlJALLY SPACED 01 5 T P h C E S  
M A C H  hL‘IHER A T  X 
1 t Y P  E 2 A  T LG F 
C A D I A L  V t L O C  I T Y  
C k N S  1 7 Y  
PRk!: S L R E  
F€YNOLCS hLYRF9 
P E S 4  F Q I C T I I l h  FACTCK 

1 7 8  
1 7 9  
1 8 0  
1 8  1 
1 8 2  
1 8 3  
1 8 4  
1 8 5  

18 7 
1 8 8  
1 8 9  
1 9 0  
1 9  1 
1 9 2  
19 3 
1 9 4  
1 9 5  
1 9 6  
19 7 
19 8 
1 9 9  
200 
20 L 
20 2 
2 0  3 
2 0 4  
2 0  5 

1a6 

1 
1 

4 
c 
t 
7 
E 
5 

1 c  
1 1  
l i  
1 2  
1 4  
1: 
1 t  
11 
i E  
1 5  
2 c  
2 1  
i i  
2 3  
2 4  
2 5  

- - 



2 t  
2 7  
i €  
2 5  
3 C  
3 1  
3 2  
3 2  
3 4  

? t  
? i  
31 
3 5 
4c 
4 1  
4 2  
4 ?  
4 4  
45 
4 t  
47 
4f 
4 5  
5 c  
5 1  
5 2  
5 3  
54 
5 5  
5 t  
C i  
5 t  
5 5  
6C 
C 1  
€ 2  
C I  
€ 4  

e t  
t i  
e €  
e 5  
7c 
7 1  

Y C  - -  

49 I 



C 
c P R E S S U F E  C A L C L L A T I C h  F O R  h L H E R I C A L  I h T E G K P T I O h S  
C 
C P R O C h 4 C  b 4 R  I A R L E S  
C ***** * * * *  ******** 
C 
C X - T I S T A N C E  A C R C S S  F A C t  C F  S E A L  
C X X  - S T O R E C  X O I S T R I R L T I C h  F E C M  0 T C  X *  
C F V  - M A C H  H L ' M R E R  D I S T H I R L T I C h  h I T H  X X  
C PI- - F I L M  T H I C K h c T S  Q I S 1 F I R l l I C h  b I T H  X X  
C 
C FMW - M A C H  hlYRER A T  X 
C I- - F I L M  T P I C K h E S S  A T  > 
C Ah' - A R E 4  A T  X 
C P R E S S  - P R E S S L R E  A T  X 
C 
C A R I T I - M E 1 1 C  F I J N C T I C N  F L G R N G  O C t S  A 3 P C I h T  L A G R A h G E  I N T E F P C L b T I C h  
C 

F U N C T  I C h  P R E S S (  X 1  

R E A L  L C S S  
DOIleL E P R E C I S  I O N  

C Q M M @ h / L R R A Y S / E X T R A l 1 9 ~ 1 )  9 P C T A R  ( 2 0 1  , A S T A R ( Z O )  
CCMMON / T R P Y S / N  9 X X  ( 2 C 1 )  ( F Y  ( 2 C l )  (HH (2 C1) 9 J, T S T A H  
CClCM7N / C O N S T S  /CAMMA 990 I F  9 90 9 SI G h  ,D (6 I 9 T C  9 PC ,P 3 9 FT 9 R C 4 S  9 LCS S 9 I'U 9 F I 9 

X X v F M  ,HH ,XC 9 x 1  9 x 2  r Y C v Y 1 9  Y2 

1 R L N I V ( Z ) ~ C N \ , T ( 1 1 ~ 2 1  c N S I  
= 

1 
2 ( x i - x  1 I 

F L G P N  E ( N 9 >tl, X 1 9  X 2  9 YC 9 Y 1, Y 2 Y C *  ( X- X 1 )  * ( X- X2 1 / ( X C - X  1 I / ( X C - X Z  I t 
Y 1* ( x-xn I * (  x- XL 1 / ( X  1- k C l /  ( X1-XL 1 t Y 2 *  ( Y- x c  I *  ( X - x  1) / ( X  2-xc  I / 

C 
A N  1.C 
00 1 Z C  l = l r N  

I F  ( X - X X ( I 1 )  1 2 2 9 1 2 1 9 1 2 C  
12C C O N T I N L E  

GO 70 I i i  
1 2 1  F P M  = C C ( K K )  

H = F k ( K K 1  
GO T f l  12:  

Y K  = I 

1 2 2  I F  ( K K . L E . 2 1  K K = 2  
I F  ( K K a C k e N )  K K = N - 1  

C 
1 3 C  F M Y  = f L C P N G (  X 9 X X  ( K K -  1) ,XX ( K K I  , X X (  K K + l J  9 F F (  K K - 1 )  ,FC ( K K )  p F C ( K K t 1  1 1  

H = F L ( R N G ( X , X X ( K K - l )  * X X ( K K ) , X X ( K K t l )  9HH(KK-1 1 9 k H ( K C ) , H k ( K K + 1 ) )  
C 

1 3 5  I F  ( R C  .hE.C.O) A h = Z . C * P I * ( P C + X * S I G K )  
P R E S S  = P S T A R  I J ) * A S T A R  ( J )  / A ~ / t i * S C R T ( . S O * ( G P ~ M A + l . O ) /  

1 ( 1 .C+ .5C* (GAMWA-  1.C)  *FtJt'**2) 1 / F P P  
C 

R ETURh 
E N O  

1 
1 

- 
4 
5 
t 
1 
E 
5 

1 c  
1 1  
l i  
13  
1 4  
1 5  
I t  
l i  
I E  
IS 
i C  
2 1  
i i  
2 3  
2 4  
2 5  
i t  
2 7  
2 E  
2 5  
3C 
3 1  
3 2  
a i  

3 4  
? L ,  
3 t  
3 7  
? €  
35 
4 c  
4 1  
4 2  
4 3  
1t4 
4: 
4 t  
41 
4 €  
4 5  
5 c  

4 -  

50 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
r 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
c 
C 
C 
C 
C 

OOUeLE P R t C I S I C h  SUNGc-KUTTA S C L L T I C N  CF TWE FPCH h L M e E F  ECUPTICN 
Foci F L C k  h I T H  SREP CHANGE A h 0  F R I C T I C N  

@OUNCkRY C D N D I l I 7 N  IS - Y = l . C  d l  X = X * .  C E C R E 4 S E  STEP S I Z E  U h T I L  A 
SATISFbCITflRY X IS FOCYD. 

WORKINC VbRIARLES A R E  I K  OCCRLE P R k C I S I C h  

PRC CR P C  b PR I A B L  E S ***************** 
x -  
! - -  
Y -  
e -  
T -  

1 1  - 
MI; - 
R E  - 

F -  

CISTANCE FH9M I N L E T  
F I L M  1 b I C K h E  S S  
SOLUTICN OF MACH h l u P k P  E Q l A T I G N  
RADILS TPAT C C R S E S P C h D '  TC X 
LOCAL TFMPERA TURE 
E h TK ANC E TEY PE R A  T L RE 
\r I SC 0 S I T Y  
GtYNOLDS UNYBER 
FR I C  T I CN f AC TOR 

CON - S I N (  T I L T  AhGLE 1 
C - R P T I f l  CF S P E C I F I C  HEATS 

G 4 M M b  - R A T I C  CF S P E C I F I C  H€ATS 
R 1  - R A O I L S  A 1  ENTRArJC€ 

Y O  - SQUARE OF EYTRANCE PACH NLlNRER - I W I T I P L  ESTIPATE 
S k P P L I E D  t3V  C A L L I h G  PRCGRAV 

REChST - Rl-O*L*C 
FACTOR - M L L T I P L I C b T I V E  F4CTCR FCR C H A K G I h G  Y C  T C  4CCELERATE T H E  

COLUT I C N  
DELX - LENGTF 'JF X INTEQPPL ( S l E P  S I Z E )  

OELY - lENGT!-  OF Y I K T f R V b L  
P I  - F I L M  'IbICKR'ESS 4 7  CIOPCINIT CF X I h T E R V C L  

HR - R A T I O  OF F I L P  THICKNESS T O  H A C I L S  FOR SEALS W I T H  R A D I A L  
E XP A N S 10 14 

* * *a**  
F K l  * 
FK2 * - I N T € R P E 3 I A T E  VALCES CF 1 H t  3 t R I b A T I V E  C Y / C X  I h  T H €  
FK3 * RUNGE-KUTTA FCR,VLLA 
F K 4  * +***** 

ARI ITkVETIC  F l l h C T I C N  DYDX C E F I h E :  T H t  D k R I C . A T I V E  f F  THE S C U P F E  C F  
T I - €  MACk NLMF)ER h I T H  R t S P E C l  T C  > 
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C 
C I N I T I A L  S T E P S  - T R A N S F k R  o E R F A h E h T L \  S T C i i E C  S I h C L E  F H f C I S I C h  
C C O Y S T b h l S  70 D O L B L €  P R E C I  S I C N  V A R I A B L E S  
C 

G = C A P M A  
R 1 =  S R I  
CON= S C C N  
S I G N  = S S I C - N  
F A C T O R  lC.0 
X ( 1 1  = c .cc  
Y O  = v 1 1 1 * * 2  
HR = C.CC 
I F  ( R I . E Q . C * D C )  S R l = l o C  

C 
lac Y ( l )  = YO 

N S T  = I 1  
N 1  = i 
N 2  = I 1  
O E L X  = R C I F / F A C T O R  
NN = b L C G l C ( R C I F 1  
X T O L  
N O T E  = C 

F C  I F *  lO.CO**  (NN-4 I 

C 
R E C N S T  2 ~ O * C N L T ~ l C ~ h S I l * P C * ~ R l * H ~ l ~ * S ~ ~ l ~ Y ~  l I * G A C C d * C h V T  ( 1 l c b S I )  
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/ R E P S / T O  1 / C N V T (  C c N S  I )  / (  1. C+. 5C+  GAP PA-1 00 ) + Y  ( 11 /l CSS * * 2  I * *  
( ( G A M M A +  1 .C I / 2 .  C / ( G A C P A - l . C )  1 

T 1 = T C  / ( 1 .C+ CC* GAhlMA- 1 C I * Y  ( 1 I / L C  S S**2 1 
C 
C R U Q C E - K l T T A  S O L L T  ICK 
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i O C  DO !OC I - N I e N i  
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c c  
t 7  
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F = F R F l N C ( k E 1  

P = X (  I ) * C I G N t Q  1 

I F  (Rl.hf.G.DCJ HR=Y(IJ/R 

F K 3  = tELX*DYDN(Y(I-L 1+.5’3C*FKZ,HI ,CCh,F,G,HH) 

Y (  I )  = k F L N C ( N ( I I ~ H ( 1 J ~ C C h )  

T = T I t  ( 1 o c t o  5C*(GACMA-l. C l * Y  (1) I /  ( l o b  ,5C* (GPCFA- lo3  1 * 
YU = C l l h  
I F  
R E  = REC)uST/VL 
I F  (Rl.hE.C.DC1 RE=RE/R 
F = F R F L N C ( R E )  

DELY= ( f K  1 + 2 . O C * ( F K 2 + F K ? I + F K 4 J / 6 . ~ ) 0  
V ( I )  = V ( I - l ) + D E L Y  

1 ( V (  I - l l + F K ? J )  

( GbYVA .EO 1 0  4 I H L=CYkT (1 r N  S I  1 * T * * l .  5/ (T+CtC LT  ( 2  ,NS I 1 )  

FK4 = CEL X*DYDX ( Y  ( 1-1 l + F K ?  ,H ( I  J rCCN rF , G g l ” F  I 

i B C  I F  (CA~S(l.DO-Y(I)J.LE~l.D-€I GC T O  600 
C 
C FLOh MLST R E Y A I h  S L ‘ R S O h I C  1 N l I L  E X I T  - I F  Y ( 1 )  EXCEEDS 1.0 ET 4hY 
t POINT,  LChER DELX 
C 

I F  ( (  V (  1- l ) t - S C C * F K l . G T .  l . D C o C R o V ( I - 1  J+.5CO+FK2 .GT. 1.CO ).OPo 
1 ~ Y ~ I ~ l ) ~ F K 3 ~ G ~ ~ 1 ~ D C ~ O R ~ Y ~ I l ~ G T ~ l ~ D O l ~  GC TC 320 
I F  (D€LY.LE.OoDCI $0 To 41C 
I F  (OELY.CT,.lDCI GO 13 32C 
I F  (Y(I:.LT.O.CDC) 50 T C  32C 
I f  ( C A P S ( X (  I I - R D I F  ) o G T . X T C L l  G C  T C  2 9 0  
I 1  = 1 1 - 1  
I F  (YO1E.EQ.O) GO TO 3 1 5  

2FC I F  ( l o ( E - 2 0 1 )  GO Tfl 4 C O  
?OC CONTINLE 

3 1 C  Y 1  = N i i l  
GO TO f 2 C  

2 1 5  NOTE = 1 

c 

32C I F  ( I I * C E * l l )  Y l = I I  
DEL% = C E L X / l C . C O  

1 3 C  Y 2  = N l + 9  , 
GO TO i C C  

r 
C I F  I N I T I A L  GUESS CF Y f l  h A S  T C C  LCk, R A I S E  I T  
C 

4CC I F  (L -CC-V(T I ) .LE . . fDCJ  G C  TC 42C 
41C YO = VC*1.05 

SO TO 1 C C  
C 
C I F  NUPFER nF S T E P S  E X C E E O S  T H t  S I Z E  CF TH€ ARRbV, E L I W I F P T E  PCINTS 
C WPEPE T k E  LALL‘E OF THE F U 4 C T I G N  IS hOT CHANGING R A P I D L Y  
C 

42C CCELX = RC lF /SO.C 
I N C  = hST 
N = 2 c 1  
I F  ( N i . l T . i C 1 1  N=N2 
00 4 4 0  I=hST,N 
I F  (CPeS(X(Il-RDIF).LE.X?CL) GC T C  430 
I F  (I.EC.1.nP.I.cO.Y) GC 10 43C 
I F  ( X (  l ) . C T . X (  I N 3 - 1 ) + 3 O E L X J  G C  10 4 3 0  
I F  ( Y (  1 ) . L t . Y ( I Y I > - l ) + . ~ D - L )  GC T @  440 

4 3 C  X (  I N C l  = X ( 1 )  
H (  I N C )  = k ( I 1  
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V ( I N C 1  = Y ( I )  
I N C  = I h r d l  

44C C O Y T I N L E  
N S T  = I h r - 1  
Y 1  = I h C  
N 2  = N l t S  
I F  ( F ! S T . L E . 9 0 )  GO T C  2CC 
F P C T O R  = FACTI )R/Z ,O 
GO i n  I C C  

C 
C S T O I S F E C T O R Y  X *  FnUND - S C L L T I C h  C C F F L E T E  
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(scc b1 = I 1  

C 5 C  Y ( I )  = C ' Q R T ( Y ( 1 ) )  
cn c 5 c  1=1,N 
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R E T U R N  
EN I? 

N U M E R I C P L  I N T E C R 4 T I C N  R Y  S I C P S C h 5  RLLE 

INTEGRAL CF Y D X  FROC X P I h  T C  X K A X  = ( H / 3 ) * ( \ 0 + 4 Y l + Y 2 )  
W k E R E  Y C  = Y E b A L L A l E D  A T  X P I h  
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C P L L  b E C T O R  V A R  I A R L E F  **+** rg ***********+*** 
.I - INDEX OF F I L M  T H I C K N t S S  

X P A X  - LOLrEW L I M I T  CF I N l E G R A I I O k  
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FUNC2 - FCNCTICN S U R P R Q G R A F  T C  E V A L C P T E  \ 
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ACCLMLLATE FIFJAL A Y S W t K  

1 4  ANS=O.C 

1t  A N S = A N $ + F (  I )  
Cfl  16 1 = 1 * N  

S I M P S  1 = (ANS+Q/?C. C 1 / 3 .  C 

17  RETURN 
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X X  - C l - A P A C T t k I S T I C  F I L M  THICKhESS 
Y Y  - SEALIhC- D A N  F C R C E  

[ D Y  - A X I A L  F I L M  S T I F F N E S S  
M A X  - h L Y R E R  C F  F I L P  T H I C K h E S S E S  

FEP - FRESSLRE F L n k  REYhCLDS FLPeER 
Y b C k  - Y 4 C H  hLYSER 

* * * a * *  
x +  
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C Y  * 
b * * *  h O P Y I h C  VARIABLES I h  h L C i K I C P L  D I F F E R E h T I b T I C h  

5 1  * 
si * 
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K Y  * 
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LACGAhCE hUMER ICAL  CI F F E R E h T I A T I C Y  C V E R  H P X I M L P  CF 5 F C I h T S  
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GO TO I 1 C  

GO TP 110 

GO TO I 1 C  

i I F  (b ’ACk(  1 1 9 ’ 4  ) . G E o l . C o A ~ D . R E P I 6 , F ) . G ~ . ~ ~ T ~ ~ e )  G C  TI: 1C5 

3 I F  ( Y A C k (  1 1 9 ‘ 4  ) . L T . l , O . A h 3 . P t P ( 6 , C ) . L E , R t L 4 F )  CC T C  1 0 5  

4 I F  ( M A C k (  1 1 9 ‘ 4  ) . L T o l - C o A h ~ o R E P ( 6 r F ) . E i . R E T L P B )  G C  TC 1C5 
GO To 11c 

1 C 5  MM = P C 4 1  
X ( M C )  = X X ( Y 1  
Y(M‘4)  = Y Y ( M )  

I F  ( M M . L l . 2 )  GO TC 4CC 
1 1 C  C O N l I N L E  

1 3 C  C A L L  SCRlXY(XpV9MM) 
C 
C SET UP F P T R I X  OF X D I F F E R E K C f S  F C R  EACH PCINT N ( K )  
C 

2 0 C  N = M l h C ( M k ’ 9 5 )  
CO i C C  K=l ,M)U(  
I S T  = F b N O ( K - i * l )  
I S 1  = C I K C ( M Y - N + l r l S T )  
I N  = ISl+N-l 
DO i l l  I I = I S T r I N  
I = I I - 1 5 7 + 1  
CO i l C  J J = I S T ,  I N  
J = J J - I S T t l  
A (  I v J )  = W ( I I ) - X ( J J )  

2 1 C  CONTINCE 
ill CDNTINLE 

c 
C FOSP S C F S  AND PROGCCTS FOR D f i R I t A T I  bE FCPFL‘CA 
C 

i 2 C  5 1  = C. 
s2 = c. 
p 2  = 1. 
DO 2 3 1  I I = I S T ~ I N  

I = 1 1 - 1 5 1 t 1  
P 1  = X ( l I ) - X ( K )  
s 2  = Si-I./Pl 
P 2  = P ; * P l  
DO 23C JJ=I ,N 
I F  (I.hE.JJ) P l = P I * A ( I , J J )  

s1 = S l 4 Y ( I I ) / P I  

I F  ( ( N / i ) * Z . N € . N )  S i = - S Z  

I F  ( I I . E C . K )  En T C  2 3 1  

2 3 C  CONTINCE 

2 3 1  C n N f I N C E  

C 
C C E R  1 \ 6 1  1 b E  
C 

K Y  = S ; * Y ( K ) + P i * S l  
C)Y(K) = K Y  

2CC C O N l I F l l E  
C 
C PUT C A L C U L A T E C  C t F I b A T I b E S  I h  CPCEG T C  C C G P E S F C F C  TC IhFlJT X X  
C ARR PY 
C 

?OC D f l  ? 2 C  F = I , Y A X  
00 5 1 c  11=1;.rr 
IF ( X X ( Y ) . R L . X ( I I ) )  r,n 7 3  j i c  

4C 
4 c  
4 7  
4 E  
45 
5 C  
5 1  
5 ;  
5 3  
5 4  
5 5  
5 t  
5 7  
5 E  
55 
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t l  
C i  
c 3  
c 4  
t C  
c t  
t j  
C E  
6 5  
7 c  
7 1  
7; 
7 2  
7 4  
7 5  
? €  
l i  
7 t  
75  
E C  
e l  
e; 
E 2  
E 4  
€ 5  
e t  
E i  
E €  
E 5  
S C  
5 1  
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S t  
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I F  ( ( N / i ) * i . b l E . h )  G O  T’Y 3 1 1  
C C Y ( M  1 = - O Y (  I 1  1 
G f l  TO :ic 

3 1 1  C C Y ( Y  1 = C Y ( I 1 )  

3 1 C  C O N ’ I I N L E  
32C C O Y l I N l E  
4 0 C  t O N T I N l E  

GO IO 5 2 0  

I C 
R E T L R N  
ENC 

1 6 4  
I C 5  
1 C C  
IC 7 
I C E  
1cs 
11c  
111 
11.2 
1 1 2  
1 1 4  

C 
C F U N C T I C N  FOR F I N D I N G  L O C A L  F R I C T I C h  F A C T C P  PS 4 F U h C T I C h  CF 
C R E Y N n L t S  h U M S E R  
C 

C O I l e l  E P R E C I S I C F I  FUNCIICN FRFLhCIRC-) 
C O P P O N / C O N S T S / E L  1( 4 )  9 X L A M  9 X T L R B  * C C h L A C * C C h T P H  , R E L A C  ( R E T U R B ,  t X 2 (  3 3 )  
001JeL  E PR Et IS IPN X 1 ( X  2 9 X 3 9 Y 7  

C 
C L P M I N A F  FLOk 
C 

I F  (RE.C-T.RELAC 1 GO T C  L C C  
F R F C N C  = C O N L A V / R € * * X L A M  
R E T L G N  

C 
C T R A N S  1 1  I O N  FLCb 
C 

1OC I F  ( R E . C E . R E T U R B 1  G O  T O  1 1 C  
X 1  = A L C E ( R E L A V 1  
X 2  = b L C E ( R E T L R C )  
X 3  = P C C C ( R E )  
Y 2 = P L C  E ( C O N  TH I? ) -  K T U R  8*  X 2- 2. Cf l  C * ( A L CG ( C C  h T RB / C  C hL b C 1 + X L / l p  * X  1- 

1 X T L R E ! * # Z j * (  ( X ? * (  X ? * (  X 3 - 1 . ~ C O * ( r l * X 2 J ) + 3 . O D ~ * ~ l * X 2 ) - . 5 0 C O * X 2 ~ * 2  
2 * ( 2 .  c c  c* x 1- r 2 1 ) 1 / ( x 2- x 1 1 +*3 

F R F L N C  = C E X P ( Y i 1  
R ETUR N 

C 
C TUR PUL Eh7 F L D k  
C 

1 1 C  F R F U N C  = C O N T R B / R E * * X T U R R  
R E T U R N  

E N  0 
C 

1 
1 
? 
4 
c 
t 
7 
E 
5 

1c 
11 
l i  
1 3  
1 4  
1 5  
1t 
1 7  
1 E  
15 
2 c  
2 1  
2 2  
2 3  
2 4  
2 :  
2 c  
2 7  
2 E  
2 5  
3c 
3 1  
3 2  

58 



C 
c. I N T E G R A F i C  C F  C E N T E R  OF PqESSURE I h T E G R P L  

1 
2 

4 

c 
7 
E 
5 

1c 
1 1  
li 
1 3  
1 4  
1 5  
1c 
1 7  
1 €  
1 5  
2 C  
2 1  
2 2  

3 - 
c 
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2 
4 
c- 
c 
1 
E 
4 

I C  
11 
l i  
1 3  
1 4  
1 5  
1 C  
1 7  
1 E  
1 5  
2 c  

1 

1 

3 
4 

c 
7 
€ 
5 

1 c  
11  
li 
12  
1 4  
1 5  
1 c  
1 7  
I E  
15 
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2 1  
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APPENDIX D 

SAMPLE OUTPUT 

I 
I 

I 
I 
I 

I *  
I t  

I .  
1 1  
1 1  
I T  

I 
I , 

I 
, I  ,. 
I .  
I T  
/ T  
, r  

: J i C E  
Y 

1-6.3 
1 4 1 . 1  
145.d 
1 4 3 . b  
1 4 2 .  I 
1 0 4 . 3  
; 4 2 . 1  
141.0 
1 J V . 9  
1 5 1 . 1  
I J 7 . Z  

1 3 1 . 2  
1Ja.L 
1 , J . J  
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h l M E P h )  
I F l C C t S  

t . j00F-r13  
C.COCF-J3 
C . 5 0 0 E - O ~  
f . b O C E - U a  
C.7CCE-03 
C.8OCF-03 
C-900E-03 
C. 1 O0E- J? 
L.IICE-02 
c . 1 i O E - O ?  
C . l 3 0 E -  J 2  
1 . I Q O E - 1 1 2  
C . I 5 O E - O 2  
C.  I b C E - 0 2  

H ( M I N 1  
INLI -ES 

0.779E-La 
0. J75E-03 
0. 47,F-03 
C. Z l 5 E - C 3  
0.67 S E - 6 3  
0.7 75E-04 
C.873t-03 
0.975E-03 
C.117E-U2 
0.1 I 7 t - O L  
0 -  I r 8 E - 0 2  
C.137E-O? 
C . 1 4 7 E - 0 1  
c. I2nE-c2 

PLPhA 
R A C I A L b  

-O.lCC€-02 
- C .  1 3 3 t - J 2  
-C.lGlrE-UL 
-C.ILlLE-OL 
- C . I O O E - J Z  
-C.IuOt-JL 
-C.ILCE-UZ 
-C.  100E-JL 
-c .  I L L € - 0 2  
- C  . ILOE-UL - C. I CCE-02 
-C.ILCE-OL 
-C.IbOt-02 
-C.lC6E-O2 

PC*ER 
n p  

D€LTALT i 

13.Yb 
4.d51 
2 . 1 8 4  
I . Z Y 3  
U.BL2 
3.267 
0.413 
0 . 3 1 5  
0 
U 
0 
0 
O 
0 

DE(. F 
TOROUE 

F T - L 8  
U.391E-01 
0.292E-01 
0.232E-01 
J.192E-01 
0 -  l63E-01 
0 -  142E-01 
0. I25E-01 
0.112E-01 
0 
0 
0 
0 
0 
0 

L.oi5E-C2 
3 - 0  I b E -  32 
O.*tlYE-C2 
3.4 J5E-02 
3 -344E-02 
1.2 5 Y  E- 02 
3.264E-OL 
J - 2  37E- 02 
3 
0 
0 
U 
0 
U 

0 . 3 5 3  
J - 2 6 1  
0.Lud 
0-172 
0 - 1 4 6  
0 . I L I  
0 . l l L  
0.100 
0 
0 
0 
0 
0 
0 

I 
/ 
d 
/ 
/ 
/ 
I t  
/ +  
/ +  

I T  
/ T  

i r  

h l  = J.32>E-J3 INCHES OAIUR = O.IBdE-01 ALPHA -0-100E-02 RADIANS 
i-2 U.175E-03 LNChES D A / A l M I N l  * 0 .164  l S u 8 S O N I C  FLOW) 

X 
I N C C E S  

C 
C . 5 0 0 F - 0 2  
c . IOOE-LI  1 
C. 150E-0 I 
C.ZOOF-LI1 
C d  5OF-0 I 
C - 3 OOF- J I 
C.35OE-lll 
C -400E-i) 1 
C -45OE- 01 
c. 500E-11 I 

H 
I N C H E S  

0.325E-03 
C.320E-63 
0 - 3 1 5 t - C 3  
0.3 IO€-03 
0 -  30%-O 3 
C.3OOE-O3 
0 -2L5E-63  
C. 2 YO€-0 3 

C. 28OF-03 
0.23:t-03 

0 . 2 n 5 ~ - 0 3  

CACH 
NUMIEM 

C.104 

V t L L L I T V  D E N a I T Y  PHESSURt T 
F l / b t L  C B - S t C L / F T 4  P S I A  

1 2 o . i  C.SbbE-02 6 4 . 5 1  

EHPERATURE 
O E G  F 
98.79 

R E I P I  

159.9 
159.7 
159.5 
159.3 
1 5 9 - 1  
159.0 

158.8 
158.8 
159.3 
163.5 

158.8 

FR I C 1  I O N  
FACTOR 

0.150 
0. I50 0.110 

C . 1 1 6  
0 -  124 
0.133 
0.145 
0.lbU 
C.182 
C.214 
( - 2 7 6  
0.50s 

1Z7.1 
1 3 4 . 6  
143.2 
154.3 
1 6 7 . 8  

210.0 
247  .a 
31 7 - 9  
2 1 s . 5  

1115.4 

0.933t-JL 
0.89 3t-UL 
C.85uE-02 
0 - 8 0 2 E - O L  
0. I 4 Y E - O L  
0-6MdE-OL 
0-o17E-02 
O . 5 j L E - 0 2  
0.42 I € - O r !  
0.236E-02 

6 2 - 1 J  
59.c7 
50.58 
53 .38  
49.79 
45.70 
40.Y3 
35. I 7  
27.68 
15.01 

98-66 
98 .49 
98  - 2 9  
9d.02 
9 7 - 6 6  
97.14 
96.33 
94.90 
9 1  - 5 9  
12-43 

0.150 
0.151 
0.151 
0.151 
0.151 
3.151 
0.151 
0.151 
0.147 

I - I M E I L I  = 0.400E-03 INChES h l  U . 4 2 5 t - 0 3  INCHES uA/UR = O.182E-01 ALPHA = -0.100E-02 RADIANS 
h 2  = U.?75E-J3 INCHES J A / A i H l F l )  = 0 . l l b  ISUBSONIC FLOW) 

VELLC 1 TI 

LUO. I 
t r i s t c  

D E N S I T Y  
L 8 - i E  C,! / F 7 4  

0.93YE-UL 

PR€ SSUR E 
P S I A  
63 .bb  

TEMPERATURE 
DEG F 
96.67 

R E I P I  

344.5 
344.1 
3 4 3 . 8  
343.5 
343.3 
343.2 
343.2 
343 - 6 
344.6 
347.4 
368.8 

F R I C T I O N  
FACTOR 

0.697E- 01 
0.697E-01 
0.698E- CI 
0.699E- 01 
0.699E-Cl 
0.699E- 0 1  
0.699E- 01  
0 -699E- 0 1  
0 -  b97E-01 
0.691E-01 
3.65 L E -  C I  

I 
INCCES 

C 
C . 5 C O F - J I  
C. I C O F - 0 1  
C. l 50F-LII  
C . 2 O C € - O l  

I 3 C C  F- 11 I 
I .3506-01 
L . c O C F - I I I  
c . 4 5 C E -  111 
C -5OOF- (1 i 

. ~ 5 o ~ - n i  

t i  
INCHE 5 

0.42%-O 3 

0 .415E-03  
C.4lOE-CI 
0.402E-03 
C. 4OOF - 0  3 
C . 1 Y S t - C I  
C-3SOE-0 1 
0.3dSE-Lj 
C.>tIUF-U> 
0 .  r 7 5 t - 0 3  

0 . 4 2 0 t - 0 ,  0.182 
U . L Y 2  
C . Z U 3  
3 - 1 1  7 
c.235 
0 . 2 3 6  
U . Z b Y  
L.330 
c . 4 2 1  
L.776 

2 1 j . J  
ZLI.4 
2 3 4 . Y  
251 .1  
2 1 1 . 1  
2II.U 
3 3 2 . 2  
38 5 -0 
419.8 
n 5 3 . 9  

J. Y L  4E-JL 
0.d82€-02 
0.84 3 E-O 2 
0.7Y7t-JZ 
0 -747E-02  
U.6aY.k-02 
‘I. 62 3k -J  L 
0 . 5 4 4 t - U d  
us44 I t - O d  
0 . 2 2 2 E - J L  

b l . L b  
5 8 - 6 6  
55.64 
5 2 - 7 4  
4 Y - 2 9  
45.40 
40.Y) 
35.50 
2 8 - 4 6  
15.03 

96.33 
92.92 
Y5.41 
Y 4 . 7 5  
9 3 - 8 8  
9 2 - 6 6  
9J.81 
87.67 

39.75 
no .a4 

CACh V F L L C I T Y  G E N h I T Y  

L. I 4 0  277 .L 0.9Sot-02 
i.d5l 2 0 9 . 1  J.913E-JL 
L.LtS 3GS .3 0 . 8 I l k - O L  
U.r7LI 3 L J . 7  O.d5dk-U2 
L. r 4 t  j 4 d . b  3 .  7Yor-JL 
L . 3 1 6  $64  . d  0.74trt-OL 
L.342 j ’ i j . 2  U. b Y  I t - U L  
( r . i U 2  4 , C . j  U . 6 3 1 t - O L  
0 . 4 3 5  453 .S 0 . 5 o b t - 0 L  
O . ? L E  ‘,so., 0 .St l * r -uL 
I .LUU U. lLOE+L4 G.LIdE-02 

NLMntk t r / i t C  L d - S t C L / F T +  
PKESSUWE 

P S I A  
6 2 . 4 4  
0 0 -  I 7  
57.73 
3 5 . O Y  
52.21 
49.02 
4 2 . 4 2  
4 1 . 3 4  
3 6 . 4 ~  
29.99 
I 2 . U J  

TtMP€RATURE 
DkG F 
93.60 
9 3 . J 2  
92.31 
91.44 
93.35 
68.92 
66.98 
84-16 
79.57 
70.39 
6. 66 I 

R E I  P i  

583.9 
583.4 
583.1 
5 8 2 . Y  
582.9 
5 8 3 . 2  
5d3.Y 
585.3 
58d.3 
555.2 
6 5 7 . 1  

F R l C T l C N  
FACTOR 

0.411E-01 
J . 4 I l E - 0 1  
0.41 Z E -  01 
0.412E-01 
3 . 4 1 2 E - S I  
0.412E-01 
0.41 I € - 0 1  
0.41 JE-C l  
0 .408E-GI  
0.403E-C1 
1- 365E-01 

X 
INCht-S 

T t I4 P E W A T UP t 
O E G  F 

R t l  P I  

t57.5 
657.2 
b 5 7 - 1  
3 5 1 . 2  
b 5 1 . b  
8 5 8 . 6  
060-3 
d e J . 3  
u b 8 . d  
8 d J - 4  
9 0 1 . 4  

F R I L T l O h  
F AC T‘IP 

0 . 2 n 3 ~ - c 1  
J . 2 8 J T  - C I  
0 .280 t -CI  
0.283 -Cl 
) . L n i ’ -  11 
0 .280 ’  - 0 1  
0.2191 -01 
3 ~ 2 7 8 ~  -Cl 
U . 2 7 6 ‘  - C A  

Y O  -04 
89 .22  
b S . L J  
87.05 
05.27 
d3.70 
l l l . 2 1  
7 7 . 1 1  
7 2 . 2 Y  
b L . 1 Y  
0 .667  

0 .273 ‘ -CL  
1.25 I L -  : I  
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ti1 = o . ~ ~ ~ E - o c  METERS 
H2 = u.111E-04 METEPS 

0AI0R = 0.413E-03 ALPHA 
OAIAlMlN) = J.57YE-01 

= -0-100E-02 RADIANS 
(CHOKE0 FLOY) 

R E I P )  FRICTION 
FACTOR 

a 
METERS 

0 

H 
METERS 

o . I ~ ~ E - o ~  

0.  i ~ J E - 0 4  

0.183E-04 
0.182E-04 

0.1 7YE-04 
0.178E-04 
0.171E-04 
0.17 5E-04 
0.174E-04 
O.173E-04 
0.17 1E-04 

MACH VELUCITY 
NUM8ER M I S E C  

0.354 123.7 

D E N S I T Y  
KG I M 3  

4.717 
4.573 
4.42J 
4.255 
4.077 

3.6665 
3.419 
3.129 
2.755 
1.912 

3.882 

PRESSURE 
NIMZ 

TEMPERATURE 
OEG K 
303.5 
302.9 
302.3 
301.4 
300.5 
299- 2 
297.6 
295.5 
292.2 
286.4 
259.3 

0.115€+04 
0.11 5E+O4 
0 115 E+04 
0.115E+OQ 
0.115 E+O4 
0*116E+O4 
0.116€+04 
0*116E+O4 
0*117E+O4 
0.119E+O4 
0.128E+O4 

0.208E-01 
0.208E- 01 
0.238E-01 
0.208E-01 
0.208E-01 
0.208E-01 
0.207E-01 
0.206E-01 
0.205E-01 
0.202E-01 
0- 187E-01 

C.12lE-03 
0.254E-03 
0.3 8 1 E- 03 
C.5C8E-03 
0-635E-03 
0 -1 6 ZE- 03 

C.102E-02 
C. 114E-02 
C.127F-02 

O . B ~ Y E - O ~  

0.368 1Ld.3 
C.383 13j.4 
0.400 139.4 
0.421 140.3 
0.445 154.5 
C.476 164.5 
0.515 177.4 
0.569 l Y 5 . 0  
0.656 222.7 
1.000 322.8 

hIMEbh) 0.203E-04 METERS H I  = 0.2lOt-04 METERS 
HZ = O . I Y ~ ~ - J C  METERS 

WACH VELOCITY 
NUMOER MISEC 

DA/UR 0.3Y7E-03 ALPHA 
O A I A I M I N )  zt 3.485E-01 

OENSITY PRESSURE TEMPERATURE 
KGIH3 NIH2 OEG K 

= -0-100E-02 RADIANS 
ICHOKEO FLOY) 

REIP) FRICTION 
FACTOR 

X 
METERS 

0 
C- lZ lE-03 
0.254E-03 
0-381E-03 
0-5OhE-03 
C . 6 3 5 E - 0 3  
0 - 76 2 E- 0 3 

c. 102E-02 
0.214E-32 
C.127E-02 

o.n89~-03 

H 
METERS 

0.2 IOE-04 
0-208E-04 
0.207E-04 
0.ZOLE-OC 
0.204E-04 
0 - 20 3E-04 
0.2J2E-04 
0.20115-04 
0. l99E-04 
0.158E-04 
O.157E-04 

C.401 13'4.4 
0.415 144.2 
0-430 14Y.5 
0.448 155.5 
0.469 162.4 
0.494 170.6 
0.524 180.5 
0 - 563 193.0 

0 . 6 ~ 8  235.6 
0.tlb 209.8 

I .  u00 m . 8  

4.6>7 
4.50b 

4.217 
4.055 
3.879 
3.685 
3.461 
3.250 
2.864 
2.100 

4.366 

0.401E+06 
0.389€+06 
0.37bE*J6 
0.362 €+Ob 
0.347€+06 
0.330€+06 
0.312E+O6 
O.L91E+Ob 
0.26 6 E +  06 
0.233E+O6 
0 - 156E+ 06 

301.4 
300.8 
330.0 
299.1 
298.0 
296.6 
294.9 
2Y2.6 
289.2 
283.5 
259.3 

0.164.E- 01 
0.164E-01 
3.164E-01 
0.164E-01 
0.164E- 01 
0.163E-01 
0.163E-01 
O.162E-01 
0.161E-01 
0.159E-CI 
0.148E-01 

H I  = 0-235E-UC METERS 
H2 O.222E-24 HETEPS 

MACH VELOCITY 
NUMBER M I S E C  

0.441 153.1 

OAIOR = 0 . 3 n i ~ - 0 3  ALPHA 
OA/A(MIN) 5.412E-01 

i. -0.100E-02 RADIANS 
(CHOKE0 FLOW) 

RE(P1 FRICTION 
FACTOR 

a 
METERS 

0 
0.127E-03 
0-254E- 03 
0.381E-03 
C-506E-03 
C.635E-03 
0-762.5-03 
9 . 8 8 Y F - 0 3  
O.lO2E-02 
0.114E-J2 
C.127E-02 

t i  
METERS 

0.235E-O* 
0.234E-04 
C. L32E-04 
0.231E-04 
0.2 30E -04 
O-LZYE-04 
0.277E-04 
0.226E-04 
0-225E-04 
0-224t -04  
O.222E-04 

OENS I T Y  
KGIM3 

4.561 
4.441 
4.313 
4.177 
4.019 
3-869 
3.691 
3-490 
3-253 
2.948 
2.252 

PRtSSURE TEMPERATURE 
NIM2 OEG K 
(r.3Y2€+06 299.5 
0-381€+06 298.7 

0-356€+06 296.9 
0.342EiOC 295.7 
0-327€+06 294.3 
0.310€+06 292.4 
0.291E+Ob 290.1 
0.268E+O6 286.7 
0.238E+OL 281.1 
0.168E+06 259.3 

0-3696+36 297-9  

0.178€+04 0.135E-01 
0*178E+OQ 0-135E-01 
J.l78E+O4 0.135E-31 
0.178€+04 0. i 35E-01 
0.178E+O4 0.135E-01 
0.179€+04 0.134E-01 
0*179E+O4 0.134E-01 
O.l8OE+O4 0-133E-01 
0*182E+O4 0.132E-01 
0.184€+04 0.130E-01 
0.196€+04 0.122E-01 

0.455 157.d 
0.471 163.1 
0.490 109.1 
0.511 116.0 
0.6535 184.1 
0-565 193.7 
0.603 205.7 
0.653 221.6 
0.731 245.5 
I .  000 3 ~ 2 . 8  

H I M E I L )  - 0.254E-04 METERS h l  = 0.260E-04 METERS 
HZ = 0.248E-J4 METERS 

O A I O R  0.365E-03 ALPHA 
OAIA(M1N) 0.354E-01 

OENiITY PRESSURE TEMPERATURE 
KGIM3 NIM2 OEG K 

4.491 0-384Ei06  297.6 

= -0.lOOE-02 RADIANS 
ICHOKEO FLOW) 

I 
METERS 

n 

H 
METERS 

C.2bOE-04 
0.259E-01. 

0 2 57t-U4 
0.255E-04 
0- 254E-04 
0-253E-04 
0.25 I E - C 4  
C -  250E-04 
0-24YE-04 

0.258~-04 

c . 2 4 n ~ - o r  

MACH VELOCITY 
NUMbER HISEC 

0.477 164-9  
0.491 109.6 
c.5c7 174.9 
0-525 100.0 

0.570 lY5.4 
0.599 204.7 
0.636 216.1 
0.664 231.2 
c.157 253.4 
1.000 322.8 

0.546 187.5 

FRICTION 
FACTOR 

R E I  P )  

O.21OE+O4 0.114E-01 
O.21OE+O4 O.ll4E-01 
0.210E+04 0.114E-01 
0.210E+04 0.114E-01 
O * L l l E + 0 4  O.ll4E-01 
O - Z l l E + 3 4  0.114E-Jl 
O.Z12E+O4 0.113E-01 

0- I z7E-03 
C.254E-03 
E -38 1 E- 03 
C-5C6E-03 
C - 6 3  5 E- 0 3 
0.7 6 2 E- J 3 

C. 1OiE-02 
C -1 I4E-02 
0.12 7F-02 

O.LIM~E-O~ 

4.380 
4.163 
4.137 
4.002 
3.855 
3.693 
3.509 
3.2YL 
3.014 
2.375 

0.373€+06 
J-362E+J6 
0.350E+06 
0.337€+06 
1).323E+36 
0.308€+06 
0.290€+06 
0*269E+06 
O.L42E+06 
0.177 E+06 

296.8 
295.9 
294.8 
293.6 
292- 1 
290.3 

284.5 
279.1 
259.3 

287.9 0 * 2 1 X + O 4  0.113E-01 
3.215E+34 0.112E-01 
0.218E+04 0 - l l O E - 0 1  
0.230€+04 0.104E-01 

hIMEAL8 = 0.279E-04 METEYS UAIUR = 3.35JE-33 ALPHA 
OA/AIMIN) = 0.307E-01 

-0.130E-D2 RAOIANS 
ICHOKEO FLOY) 

h l  = 0.286E-04 METERS 
h2 = U.273E-04 MtTERS 

X 
M F T F R S  

0 
C.lZ7E-Oj 
C.254E-03 
C.38IF-03 
0-  5 0 BE-03 
c . 6 3 5 ~ 4  4 
c. 7 6 2 ~ - 0 3  
C.889F-03 
0.102E-i)2 
c. L I C E - 0 7  
c . I 2  JE-JL 

H 
METERS 
0. L86E-U4 
O.784E-04 
0.28 3E-04 
0 .282~-04 
0.28 IE-04 

O . L ~ ~ E - O S  
0.17YE-04 

0.777E-04 
0.776E-04 
0.2 I 4E -c4 
0.17 3E-04 

MACH VELOCITY 
hUW8ER M I S E C  

0.500 172.c 

DENSITY PRESSURE TEMPERATURE 
KG/W NIM2 OEG K 

4.443 O.378E+06 296.3 
4.340 
4.2jJ 
4.113 

3.853 
3.699 
3.527 
3.314 
3.062 
2.446 

3.987 

REIP) 

0.239€*04 
O.239€+04 
0.240€+04 
0.24OE+O4 
0.240€+04 
0 d l l E + 0 4  
O-242E+O4 
0.243€+04 
3.245€+54 
3.248E+O4 
0 .262E+04 

FRICTION 
FACTOR 

O.IO4E-01 
0.104E-01 
0.  lO4E-01 
0-  105E- 01 
0.105E-01 
0.105E-01 
0.105E-01 
0.105E-01 
O.lO5E-01 
0.105E-C1 
0-105E-01 

0-514 177.1 
0.525 182.2 
c.547 ld1.9 
0.567 lY4.4 
0.5YI LO2.J  
0.019 2 Id .Y  

C. 700 256.1 
0.769 251.1 
I.OU0 522 .a 

Oat54 iz1.n 

295.5 
294.6 
293.5 
292.3 
293.8 
289.0 
286.6 
2d3.4 

259.3 
278.2 
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til = 
ti2 = 

MACH 
hUMMEfi 

C.511 
0.525 
0.540 
0.558 

0.651 
0.629 
0-663 

c.27~1 

OA/u r (  = 0.334E-33 ALPHA 
OAIAIMIN) = 0.268E-01 

= -3.IOOE-02 RADIANS 
ICHOKEO FLOYI 

x 
METFYL 

0 
0.1 27E-U3 
CeL54E- 0 3  
0.NIIE-03 
C.206E-UJ 
C.635E-03 
C - 762F-O 3 
C-b89E-04 
0.10dE-lJ2 
0 - I 1 4E- 02 
0.121E-I12 

H 
METERS 

0.31 IE-04 
0.5 I OE -U4 
O.3OYE-04 
0.307E-04 
0-9ObE-04 
0-305E-04 
0-504E-04 
0- 302E-U4 
C. JGIE-04 
0 -  3COE-04 
0.25 8t -04  

VELOCITY 
M l S t C  
136.1 
180.7 
185.n 
191.4 
157 .6 
205.9 
214.0 
224.8 
236. I 
259 .2 
322 .8 

OENSITY PRESSURE TEMPERATURE 
Kbf M.5 Nf  M 2  OEG K 

4.41Y 0.375EtO6 295.7 

R E I P I  

0 265 E+O4 
0.265 E+O4 
0-265€+04 
O.ZbbE+OZ 
O.ZME+OC 
0.267E+04 
O.L68E+O4 
0*269E+04 
9.271 E t 0 4  
J. 275Et 04 
0.289Et04 

FRICTION 
FACTOR 

0.106E-01 
4.31d 
4.211 
4.097 
3.974 
3 - 8 4 1  
3.693 
3 - S L b  
3.329 
3.074 
2-476 

0.365€+06 
0.355E+J6 

0 -33 3E+ 0 6 
0.323E+ J6 
0.306E+0b 
0.28YE+C6 
0.275€+06 
0-245E+06 
0.184E+OL 

0 .344~+06 

294.9 
293.9 
292.9 
291.6 
29J. 1 
288.3 
286.0 
282.7 
277- 7 
259.3 

0 -  106E-01 
0-106E-01 
0-10bE-01 
O-IOIE-01 
0. IObE-01 
0.106E-01 
0.106E-01 
3 -136E-01  
0.106E-01 
0.107E-01 

0.1C8 
C.776 
1.000 

t i l  = 
HZ = 

CACH 
NUMBER 

0 .522  
0.535 
5 .551  
0.568 

0.611 
0.639 
0.672 
0.711 

I .000 

0.508 

0.784 

n i  = 
h2  

MACH 
NUMBER 

0.534 
0.548 
0.264 
0.581 
0.601 
0.623 
0.650 
0.684 
0.727 
0.792 
1.000 

h l  
w = 

MACH 
NlJM8ER 

0.547 
0.561 
C-370 
0-593 
U.612 
0.t35 
0-661 
0.694 
0.137 

1.000 
c . no0 

h l  = 
hL - 
WALH 

NLMBER 
0.556 
0.272 
0. bn 7 
U.bU4 
0.629 
u.t45 
U. t l2  
J. 1 6 4  
C .  I 4 5  
0.6G7 
I .  000 

0.337E-J4 M E l E R S  
0.324E-04 METERS 

UAlUR 0.318E-03 ALPHA 
OAfAlMINl = 0.235E-01 

= -0 . IOJE-JL RADIANS 
ICHOKEO FLOUI 

OENSITY PRESSURE TEMPERATURE 
KLlM3 NlMZ DEG K 

4.3911 0.372E+06 29% 1 
4.2YT 0.3b3E+06 294.2 
4.193 O.J53E+Ob 293.3 
4.081 0.342E+Ob 292.2 
3.961 0.331E+Ob 291.0 
3.831 0.318t+06 289.5 
3.687 0.304E+06 287.7 

3.331 0*270E+J6 282.1 
3.083 O.ZI5E+O6 277. I 
2.203 O.l86E+06 259.3 

3.524 o . z ~ ~ E + o ~  205.3 

R E I P I  

0.29 1 E+O4 
0 .291E+O4 
0.292E+04 
0.292E+O4 
0.293E+O4 
0.293E+04 
0*294E+O4 
0.296E+OC 
0.298€+04 
0.302€+04 
0.318€+04 

FRICTION 
FACTOR 

0.107E-01 
3. I37E-01 
0-  107E-01 
0- 107E-01 
3.107E-31 
0.107E-01 
0.107E-01 
0.107E-01 
0.107E-01 
0 -  107E-01 
0.105E-01 

X 
M E l F Y E  

0 
0. I 2 7E-u 3 
0-254F- 0 3  
C -  38 1 E-0 3 
C. 5 C  B E - 0  3 
Oab35E-03 
0.762E-03 
0.089E-03 
O . l O 2 E - 0 7  
0.1 14F-02 
0.11 IE-W 

ti 
METERS 

O.337E-04 
0-33%-04 
0-334E-04 
0 -  333E-04 
C.33 IE-04 
0.330E-04 
0.32YE-lJ4 
0-328E-04 
J.32bE-a4 
0.325E-04 
0-  324E-04 

VELOCITV 
M l S E C  
179.6 

1 8 Y . l  

201.1 

L17.1 
227.7 
241.4 
261 -5 
322.8 

1 w . i  

144.8 

258.5 

h l M E I C l  I J.356E-04 METEYS J. 3bLE-04 ME 1ERS 
0.349E-04 METERS 

OA/OR = 0.3JLE-33 ALPHA 
OAfAlMIN) 0.207E-01 

sa -0.100E-02 RAOIANS 
ICHOKEO FLOYI 

OENSITY 
KGlM3 

PRESSURE 
Nf M 2  

TEMPERATURE 
OEG K 

REIPI  

0.319E+04 
J.319€+04 
0.320€+04 
0.320Et04 
J.321EtO4 
0.321E+O4 
0 - 323E+O4 
0.324€+04 
0.327E+04 
0.331Et04 
0*347E+54 

FRICTION 
FACTOR 

0.105F-01 
0.105E-01 
0.105E-01 
0.105E-01 
0.105E-01 
0.105E-01 
0 . I O S E - 0 1  
0.105E-01 
0.  IO5E-01 
0.104E-01 
0.103E-01 

x 
MEIFFIS 

0 

0.J54E-J3 
0.311 1E- 03 
C.5CBE-03 
0 . 6 3 5 F - J j  
0.762F-03 
C.B(IYF-O~ 
0.10>€-4d 
C-114F-JJ 
C . 1 2  IF-01 

0.1 2 7 ~ 4 3  

h 
METERS 
0- 362E-04 
O.JblE-U4 
0.33YF-04 
0- 328E-04 
0.337E-04 
5-356E-04 
0. j54F-04 
0 . 3 5 3 E - 0 4  
0.352E-04 
0.351F-04 
0.34YE-04 

VEL oc I T  Y 
M f  S t C  
i n 9 . n  
188.3 
193.3 
196.8 
202.1 
212.3 
220.6 
231 .L 
244.2 
264 .0  
322.8 

0. ~I IE-JC ME IERS 
U-375t-04 METERS 

VELLL I T Y  
M/>EC 

1YL.3 
I 9 7  .L 
2 0 2 .  7 

L I 3 . Y  
224.2 
234.4 
247 - 4  
L b b - 3  

181.8 

20u.n 

322 .n 

4.36B 
4.272 
4.170 
4.062 
3.943 

3.680 
3.522 
3.336 
3.097 
2.53d 

3.819 

294.3 
293.5 
292.5 
291.4 
290.2 
288.7 
280.8 

281.3 
276.4 
259.3 

284.5 

hIMFbL1 - .l.JdlE-J4 METFRS OAIUR = 0.286L-J3 ALPHA 
UAIAIMINI = O . ~ L U E - O ~  

= -0.100E-02 RADIANS 
ICHOKEO FLOU) 

OENLITY 
KGf M3 

PRESSURE TEMPERATURE 
NlM2 OEG K 
O.3bbE+Ob 293.6 
3.357E+56 292.7 
0.347EtJ6 291.8 
0.337E+Ob 2Y0.7 
0.327Et.36 L 8 9 . 4  
0.315E+06 287.9 
0.30ZEtU6 286.1 
0.287E+Ob 283.8 
O.Z69E+Ob 280.6 
0.246€+06 275.8 
O.I91E+O6 259.3 

R E I P )  

0. 34BE*O4 
J.348€+04 
0.348€+04 
0 - 349E t 0 4  
3.349€*04 
0.350E+O4 
0.35 1 E t 0 4  
3.353Et 94 
0.356EtW 
0. J6OE t o 4  
0 .377€+04  

FRICTION 
FACTOR 

0.103E-01 
0.103E-01 
0.103E- 01 
0.103E-01 
0.103E-01 
0.103E-01 
0.103E-01 
O.IO2E-01 
0. IOZE-01 
0.102E-01 
0. IOIE-01 

x 
MEIER$ 

C 
0.  I1 7F-0 I 
0.154F-Oj 
C . 3 8  1F-03 

0.635F-,) i 
L- 7 CZF-Ll3 
C -8bYF-03 
0.1 02F- t l2  
0 -  I 14F--LI/ 
C - 1 2  7F-02 

c - z c w - u i  

ti 
METERS 

0.38 IE-04 
0.386€-0+ 
0.38 3E-C4 
0 . 3 H 4 E - 6 4  
0.3n2~-04 
d.38 I E - O ~  
c.9uuE-u4 
0.318E-04 
0.377E-0+ 
0.37bF-04 
0.375E-O* 

4.340 

4 . 1 4 Y  
4.044 
3.931 

3.bI4 
3.52L 
3.343 
3 . 1 1 ~  
2 .212  

4.241 

3 .130~  

1 - -0.100E-02 RADIANS 
(CHOKE0 FLOYI 

CdMEbLl - J.4ObE-04 YETEWS 0.413E-J4 MEIERS 
O.400E-04 METE I S  

UAIJR 0.270E-03 ALPHb 
OAlA lMINl  O.Ib2E-01 

OENSITY 
KGIMJ 

PRESSURE TEMPERATURE 
NlM2 OEG K 

R E I P )  FRICTION 
FACTOR 

0.376€+04 0.101E-01 
3.376E+04 O . 1 O I E - O I  
0.377Et04 0.101E-01 
0.377EtO4 0.101E-01 
).378E+04 3.13lE-01 
0.J79EtO4 0 . 1 O I E - 0 1  
0. j 8 0 E t 0 4  0.  IOIE-01 
J.382Et34 3 . 1 J 3 E - J L  
0.385Et04 0 . I O O E - 0 1  
0.389Et04 0.  IOOE-01 
0.4 38 E t 0 4  3.989'- 132 

n 
MtTFUS 

U.4 13E-U4 
0.41 IE-04 
0 .4  IUE-04 
U.4oYE-U4 
C.+OME-04 
C.+GbE-U4 
(;.4O>E-04 
O-40*E-UC 
0.4UJE-O* 
C . C O I E - J C  
C. CCOF-04 

v t L o i  I rY 
M l S E C  
IYl.O 
1 Y b . J  
203.d 
Lob-.? 
2IL.3 
2IY.L 
CL1.C 
L 3 I . 5  
230.0 
? b 6 . 4  
3 2 1  -d 

4.314 
4.224 
4. I28  
4.027 
3.910 
3.7YY 
3.66'4 
3 .522  
3.54b 
3. I&+ 
2.bOL 
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C P l l T . 8 L M  FOP UUISI-OIYE O lMtNSIChAL  FLCm .lTH F N I L T I C N  LNI: PREb EXPAhS l iN  

SIMPLE PRCBLEH - L k E l  EXPALSICN FPCbRAM - U. 5. UNITS 

I h P L l  C b l A  - 
F =K/RE**h *.***.*** P I e P S I A  IIOLECULAR *EIGHT 

b5.bUd ~ n . 9 6 6  

3 -315C 1 5 - 0 0 >  J.240 24.000 

0. 0. 1.400 1.00 

Rl , l kChES 
3.2650 

17.  I hChES 112.PSIA CPIMTU/L8M-DEG R K l L A M I N & R )  

FLCU LEhGlh.1hChES P l l P 2  GbIIMA NILAMINARI  

1U.OEG F VlSCbSITV.LB-SEC/ I N 2  UPPER L I M I T  RE (LAMINAR) 
100.0 2300.0 

FLOb bIOTl-.INCMES 
0. 

C l l T P L l  C b T I  

I( 1. INCbES 
3 . i 6 5 0  

9 7 .  I N C ~ E S  
3.31% 

FLCY LEh6 lC . INChES 
0.0500 

#FAA F L I l b  bIDlC.1NCCES 
20 .01  I 7  

I 
I 
I 
I 
I 
I 
I +  
I *  
I +  
I T  
I T  
I T  

I 
I 
I 
I 
I 
I 
I t  
I t  
I t  
1 1  
l l  
I r  

n l H 1 N )  
INCHES 

C-27 5E-04 
0.375.E-03 
0.415E-Cj 

0 .  b75E-61  
C. 1 15E-01  
C-8 15E-C3 
0.S75E-01 
0. L O I E - J I  
C. I 17E-U2 
C. LIBE-UL 
C. 137E-07 
C.14 IE-C7 
C. 15 fE-C /  

0.37 5 ~ - a 3  

LCSS COEF. 
1.JJ 

SPEED, R P M  
0. 

VsFTISEC 
LOO.OO 

CALCULATE ********* POIPSIA IIOLECULAR Y E I G H T  
bZ.UU0 28.966 

CPvBTUILBM-OEG R P O Y E R  
U.240  

GAMMA 
1.400 PRESSURE D I STRLBUTIONS 

DIMENSIONLESS W A N T I T I E S  

VLSCOSITY.LB-SEC/INL 
J.275F-08 

GAS CGhSlANT .L E-FT I L E M - R  SPEED. RPM 
5 3 . 3 5 2 I 1  b966. I 

LCSS CdEF. 
I .oo 

V.FTISEC 
200.00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I - CHCKEO FLOW * 

8 + - I R A N S I T l O N  REGION 
T - TURBULENT FLUh 

*..**.****.******************* 

PLPrlA 
I I b U I P N S  

-C.lr10t-32 
-C.IuUE-OL 
-C. LOOc-JL 
-C.IOOE-OI 
- e .  AUOE-UI 
-C.ICOE-UL 
-C.LOLt-OL 
-L.ILuE-O2 
-C . IUJE-J I  
-c. ILdt-UI 
- e .  1cOE-OL 
-c .  LLCt-02 
-C. I O O E - J I  
-G. ICOE-02 

K l  TURBULENT) 
O.~~OOE-OI 

N I  TURBULENT) 
0.2530 

LOYER L I I I I T  RE ITURBULENT) 
3000.0 

MICJTI 
L M l H l N  

J . I C 4  
0.224 
0.31'4 
0.55, 
0.140 
0.934 
1.131 
1.3rY 
L.5LY 
1.66Y 
1.031 
1 .OCJ 
2.17b 
i - 3 : l  

U 
SCFM 

1.307 
2.935 
4.955 
7.2*1 
S.6b7 
I L . 2 2  
14.7V 

1'9.14 
41.84 
1 3 . Y O  
26.2I) 
i b . C I  
3C.76 

i l . j n  

R E ( L  

94.74 
120.0 
159.9 
1 9 4 - 0  
2283.5 
'61.4 
L96.3 
3 3 0 . 0  
3 6 3 . 8  
396.6 
429.2 
4bl.M 
494.b 
527.2 

I STIFFNESS 
L B l I N  

0.423E+04 
0.1e4E+O4 

U . l lBE+04  
3.26 JE+04 
0.348EIOC 
3 . 3 9 5 € + 0 4  
0.415E+04 
'I 
0 
0 
O.L17E+04 
0.208E+04 
C. IS8E*C4 

-555.0 

U.dd1i-J" 
C.79ot-01, 
J. lY7E-36 
b.7r7L-U" 
c.79at-LIo 
C.7Sbt-i lb 
L - d U J t - U b  
C . d U i t - d b  
O . d U J C - ( I O  

J.a"'.t-ub 
i . r l J " L - J O  

u.11 
20.64 
2 2 - 6 7  
24.31 
25.64 
r b  -4  I 
2b.7.2 
l I . 0 l  
27.4J 
2 7 . l b  
L o . 3 d  

PLOT . . . . . . . . . . . . . . . . . . . . . .  

FORC 
LE 

33.34 
33.05 
33.51 
32.95 
32.75 
32.45 
32.37 
31.66 
31.45 
31.26 
31.07 
30.04 
30.63 
3 0 . 4 2  

E xc 
INCHE 5 

0.194E-01 
0.196E-01 
3 -  23JE- C 1  
0 - 2 0 5 E - 0 1  
3.2 39E- 01  
0 - 212E- 01 
3.215E-01 
0.217E-CL 
0.219E-01 
3.22lE-01 
O.22OE-01 
O . Z L 1 E - C I  
O.222E-CL 
3 .  22LE- :I 

xc 
I B A P I  

1.389 
0.393 
0.491 
0.415 
0.41 d 
0.424 
0.430 
0.534 
0.*38 
0.439 
0.4*\) 
0.*42 
0.443 
J .449  
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w t  L L b  I 1 1  C t h J i l Y  
I- 1 /,tL L t - S t i ~ / b T +  
I1C.I L. > o a t - . J 1  
I L l . 1  1. 43 j r - J L  
I 3* ." i . h Y  ) t - U L  
1'13.3 L . o > O t - J 2  
1 2 * . ,  J - M J L C - U L  
. " I  .o 0 .  1SYL-u' 
I t l 5 . +  U - b d d L - U L  
2ld.J 0.01 l r - 9 2  
L * l  .O d . > J L t - U C  
3 l l . Y  LJ . l t2 l t -U '  
2 1 J . 3  J .LJOt -L i '?  

I P r h A T I I P E  
ILL"  t 
$ 0 . 1 7  
Lld - 6 6  
% . 4 Y  
4O.LY 
Yo. 12 
4 1 - 6 1  
9 7 - 1 4  
Y b . 3 3  
Y4.90 
51.59 
7 2 . 4 3  

1LO.1 
) l J . J  
L ' I  .4 
2 i 4  . ' I  
C5I.l 
1 l i . i  
L ' 7 l . d  
J J C . 2  
> h  > .U 
11l i .d 

c 3 J . 9  

6 3 . 0 b  
6 1 . L 6  

30.0" 
5',.a* 
3 2 . 1 4  
49.24 
4 5 . 4 d  
4 J . Y J  
3 3 . > U  
L b . 4 0  
13. J J  

t1 L = 
* L  = 

- J. 100: 

Y C I  P 

3.4111 - C l  
0.41 2' - C l  
U . 4 1 2 ' - 0 1  
1 .412 - - : I  
0 . 4 1 Z . - C ;  
0 .41 l ' - O l  
> . 4 1 1  -:l 
0 . 4 j t l  - C l  
0 . 4 1 1 ' - 5 1  
I. ,,>5' - 3 1  

P h L h S U n E  
P S I A  
0 1 . 3 4  
>U.Ll> 
30.  IU 
>'..id 
' l l . L 3  
1 1 B . i J  

113.51 
4 1 . u J  
> / . > 7  
3 1 . 0 1  
1 ' 1 . 1 1  
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h l  = U.725E-Jj INCHtS UAluL = O . l b 3 t - 0 1  ALPH4 = -0.100E-02 RADIANS 
h2 = C-675E-33 INCUES OAlAlMlhl) = 0.579E-01 (CHOKED FLOW) 

x 
INChFS 

C 
C.500E-d2 
C - 1 0OF- 0 1 
C. 1 5 O E - 0  1 
C-IOCE-01 
C - 2 SO€- 0 1 
c. 300E-Ul 
C -35OE-0 1 
C-400E-01 
L-C50F-01 
C -500  t-0 1 

H 
IhlCCES 

C-IZSE-LS 
0.72OE-03 
0.7 I5E-C3 
0.710E-bj 
0.7J5E-03 
0.700E-03 
C.695E-03 
C.650E-Cj 
0.66%-03 
0.aaOE-Uj 
0.675E-03 

MACH 
kLinnEh 

c.354 
0 .368  
0.383 
L.460 
0.421 
C.441, 
C.416 
0.515 
C.56S 
0.656 
I .  coo 

VELOC I T  Y 

405.t) 
t I l S E C  I 

U E N S I T V  PRESSURE 
LB-SECLIFT4 PSIA 

0.915t-OL 59-00 

0-858E-OL 55.61 
0-WOE-02 53.40 
0-791E-22 50.Y9 
O.753E-OL 48.36 
0.711E-02 45-42 
J.663E-02 42. J6 
0.6U7t-02 38-06 
0.535E-02 32.86 
0-371E-02 2S-64 

0.8t17E-SL 57.67 

TEMPERATUR 
OEG F 
86.30 
85.26 
84.05 
82.60 
83.83 
78 -62 
75.75 
71.82 
65.95 
55.59 
6.667 

E REIPI  

O.IISE+O4 
0 - 115 E+04 
0.115E+O4 
0.115€+04 
O.L16E+04 
0-116E+O4 
0.11 6E+04 
O.llbE+04 
0. I17E+04 
0 - 119E+04 
0 -  128E+l4 

FRICTION 
FACTOR 

0.208E- 01 
0.208E-01 
0.208E- 01 
O . Z O 8 E - 0 1  
O-ZOBE-Cl 
0.207E-01 
0.207E-01 
0.206E- 0 1  
0.2OSE-01 
O-ZOZE-01 
0. I87E-01 

420.0 
437 .e 
457.2 
479.9 
506.8 
535.8 
581.9 
t59 .6  
730.5 
J. lObE+O4 

C ( H E A L )  0.8009-03 INCHES H I  = O.tl25E-03 INCHES OAlOK = 0.156E-01 ALPHA * -0-100E-02 HAOIAhiS 
h2 = 0.175E-03 INChES OA/A(MIN) = 0-485E-01  ICHOKEO FLOWI 

I H 
INCH€S INCHES 

C 0.82 SE-03 
C 5 0 OE- 02 C . d2OE -03 
C -  IOOF-01 C.BlSE-C3 
C - I 5 O E - 0  I C. 8 IOE-03 
C-LOOE-SI C.805E-03 
C-250E-0 I C -  8OOE-03 
C-3UOE-31 0.7F5E-03 
C-350E-01 0.79Ot-03 
C-COOF-01 0.7765E-03 
C.45OE-01 0-780E-03 
C-5OCE-01 0.775E-03 

C(MFbh1 = 0-WOE-03 INCHES 

MACH vELaciTY OENSITY PRESSURE TEMPERATURE R E ( P 1  FRICTION 
NbW8ER I-TISEC LB-SECLIFT4 PSlA OEG F FACTOR 

C.401 457.5 0.900E-02 58.19 82.58 O.I46E+34 0.164E-01 
0.415 
C.430 
0.448 
0.469 
c.494 
C.524 
0 .563  
0.61 5 
0.698 
I .UO0 

h1 
hL = 

C73.0 
490.3 
5 1 0 - 1  
532.9 
559.8 
592 -3 
6 3 3 - 3  
Ob8.4 
772-9  
J- I OLE+ 04 

0.874E-02 
0.847E-02 

0-787E-02 
0.75LE-02 
0.715E-02 
3.67LE-J2 
O.bL IE-02 
O.526E-02 
0.4 J t ) E - S L  

o.n18~-02 

56.42 
54.53 
52.50 
50.30 
47.89 
45.21 
4 2 -  16 
38-52 
33.80 
22-67 

81.38 
79.99 
78.34 
76.36 
73.92 
70.80 
60.62 
60 .56  
50.29 
6.667 

0*146E+O4 
0.146 E+04 
0-146E+34 
0-147€+04 
0 .  I47E+04 
O-147E+O4 
0+148€*04 
0.149E+04 
0.15 1 E+04 
0.162E+04 

0.164E-01 
0.164E-Cl 
0.164E-01 
0.164E-01 
0.163E-01 
0.163E- 0 1  
0.162E-Cl 
0-1LIE-01 
0.159E- C 1  
O.148E-01 

C.SZ5E-03 INCHES 
0.875E-03 INCHES 

O A l O R  = 0.150E-01 ALPHA 
OAlAlMlNI = 0.412E-01 

= -0.100E-02 RADIANS 
ICHOKEO FLOUI 

X 
INCCES 

0 
0.500E- J2 
G - I OOE-0 I 
c. 1 5C€-0 1 
c .L O O € - J  1 
C.25CE-0I 
C - 300 E- 0 1 
C -  350E- 01 
C.4OCE-01 
C-45OE-01 
C.5OOF-01 

H 
I NChES 

C -925E-03 

FRICTION MACH VELCCIIY DENSITY PRESSURE TEMPERATURE REIPI  
NLHMER FTlSEC LB-SECZIFTI PSIA OEG F FACTOR 

0.441 5 02 -2 0.885E-02 56-07 79.31 J.178E+34 0.135E-01 
C - 92OE-J3 
0.9 1%-03 
C. 9 1 OE-03 
0.905E-03 
0-900E-03 
C -89  SE-03 
C.890E-03 
C. 885E-03 
C-b8OE-03 
0 -  87 5E-03 

0-455 
6.471 
0-490 
0.511 
0 .535  
0 . 5 6 5  
0.603 
6.653 
0.731 
1.000 

517.8 
535.2 
554.9 
577.5 
6 0 3  -9 
035 .5  
674.9 
727. I 
8C5.6 
J. I ObEtO 

0.86Lt-OL 
0.837E-02 
0.8 1 OE-02 
0.78 2E-OL 
0.751E-02 
0.716t-02 
3-677E-02 
0.63lE-02 
0.57LE-02 
0.437E-52 

55.23 
53.49 
51.62 
49.60 
47.39 
44.Y4 
42.14 
38.82 
34.50 
24.31 

77.69 
76-10 
74.37 
72-25 
69.65 
66.39 
62.09 
56.00 
46-00 
6.667 

0.178€+04 
0.178 E+O4 
0.178E+34 
0.179€+04 
0.179€+04 
0.180E+04 
0.180E+O4 
0.182E+04 
0.184€+04 
0.196€+04 

0-135E-01 
0.135E-01 
0.135E-01 
0.134E-01 
0.134E-01 
0.134E- 0 1  
0.133E-Cl 
0.132E-01 
0.130E-01 
O.122E-01 

H I  = 0.103E-02 INCHES O A l O R  = 0-144E-01 ALPHA = -0.100E-02 RADIANS 
h2 = 0-515E-03 INCHES OA/A(MIN) = 0.354E-01 ICHOKEO FLOW) 

DENSITY PRESSURE Ttt!PERATURE RE(PI  FRICTION 
NllHaER FTlSEC L8-SECLlFT4 PSIA OEG F FACTOR 

0.477 541 S O  0.871E-OL 55.63 75.65 J.210€+34 0.114E-01 
0.491 556.2 O . ~ ~ O E - O L  54.12 74.23 0.210E+04 0.114E-01 
6.507 573.7 0.827E-02 52.51 72.60 0.210E+04 O. l l4E-01 
0 . 5 2 5  593.2 0.80jE-02 50.78 70.72 0*211E+04 0.114E-Cl 
0.546 612.3 0.777E-02 48-91! 68.50 O.ZllE+04 0.114E-Cl 
0.570 640.9 O . ~ + ~ E - U Z  46.09 6 5 - 0 1  O.L11E+O4 0.113E-Cl 
O.5YS 6 7 1  -5 C.716E-OL 44.62 62.48 0-212€+34 3.113E-01 
0.636 70Y .L 0.681E-02 42-05 58.15 0.21.4E+O4 0.113E-01 
C.684 758.5 0.639E-OL 39.00 52.12 0.215E+04 0.112E-01 
ti.757 d31.5 0.5d5E-OL 35.03 42.46 3.218E+04 0.113E-gl 
1.000 3.106E+C4 0.4alE-02 25.64 6.667 0.231E+O4 0.104E-01 

CACH VELOCITY X 
INC.HES 

0 
0.500E-02 
c . I  OOE- n I 
C -  l > O E - O l  
C-IOOE-JL 
C.?S0E-01 
C-40OF-01 
c .350€-  a 1  
C.400F-01 
t.45CF-01 
C-SOOF-)I 

H 
INChES 

0-103E-02 
0 -  LOIE-02 
0. I O I E - 0 2  
0.10 IE-OL 
0.100E-02 
C. 100E-02 
C.YY5E-04 
0.09SE-03 
0-9 8 5E-63 
0-980E-03 
0.Y75E-US 

H I  = O.ll2E-02 INCHES OAIUR 0.138E-01 ALPHA -0.100E-02 RADIANS 
U2 = 0.167E-02 INCHES 0AlA(HlNI  0-307E-01 (CHOKE0 FLOU I 

C ( M E P E )  = 0.110€-02 INChES 

CACH 
NbMBER 

C - 5 0 0  

DENSITY 
1.8-sECZlFl4 

VELOClTY 
f T l S E C  

565.d 0.86 L k - J Z  

PRESSURE 
PSIA 
54-61 
53.39 
51-08 
5S.Lb 
48.52 
46.62 
44.51 
42.09 
99.22 
35.46 
20.41 

TEMPERATURE 
DEG F 
73.36 
71.92 
70.27 
68.37 
66.14 
63 - 4 6  
6J.17 
55.93 
50 -0 7 
41.79 
6.667 

RE(P1 

0.239E+O4 
0.240€+04 
O-Z4OE+04 
3.243E+04 
0.24OE+04 
0.241 E+O4 
J.L42E+34 
O.243E+04 
0.245E+04 
).248E+l4 
0 .Lb2€+04 

FRICTIOK 
FACTOR 

0.104E-01 
0.104E-01 
0. I O S E - C l  
0.105E-01 
0-135E-01 
0.105E-Cl 
J.1)5E-O1 
0*105E-01 
0.105E-CI 
3 * 1 ) 5 E -  :I 
01 105F-Cl 

H 
INCHES 

O.lI1E-02 
0.112E-02 
O.11IE-UZ 
C. 11 IE-02 
C . I 1 O E - U 2  
C.11OE-UZ 
0.10SE-U)., 
C. ICYE-02 
C. ICaE-02 
0.10LiF-02 
C. I C  16-02 

C.514 
L e 5 2 9  
0.547 

C.5Y1 
0.61'4 
c.t54 
C.260 
U.76'7 
1. ti00 

0.267 

5UO.Y 
557.7 

U.842E-OL 
c .82 A€-02 
3.  7YLE-I)I 
0.77'1E-OL 
0.747t-u2 
0-71dc-JZ 
0. bd'1E-0L 
0. D ~ ~ ~ - U L  
J. 5Y*t-JL 
0.415~-UL 

6lb.5 
6 3 l . V  
b6L.b 
651.8 
141.7 
1 1 ' 1 . 3  
d43.5 
u. IULIE+C* 
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H I  = u . 1 ~ 2 E - 0 ~  ~ N C H E S  3AlL)R = 0.1>IE-01 ALPHA = -0.100E-02 RADIANS 
HL 0.117E-UL INCHES OAIAIMINI = U.26bt-01 ICHOKEO FLUWI 

1 
INChFS 

C-5COF-J? 
C.10OE-01 

C-JOOF-01 

C.3OOF-Ji 

L.4OCF-UI  
L . 4 5 O F - O i  
C.SOOE-Ji 

c 

c . I  sa€- (r 1 

c .I ~ C E -  a i  

c. isoF-ai  

H 
INCHES 

0.122F-J2 
L M Z E - L J ~  
a. w i E - o L  
0.12 IE-02 
c. 1 1 0 t  -UL 
c. I LOE-02 

0.1 19E-02 

C. 118E-02 
C.1lIE-02 

a. i ~ ~ E - O L  

a. I i 8 E - w  

I - I M F I L I  I 0.130E-02 INCHES 

X 
INChES 

C 
C .50OF-02 

C. 150E-01 
L-?OOE-Ol 
0.ZSJF-01 
c . ~ o o F - 0 i  
C.350E-01 
C .40C F- LI I 

C.500E-01 

c. iaac-ai  

c .4 2.0~- a i  

H 
INCHES 

0. I33E-U2 
0. LPZE-LII 

0.131E-02 
0.130E-02 
C -13JE-JZ 
0.12YF-OL 
0.  I29E-02 

a. 13 ~ - 0 2  

a.128~-02 
0. iLnE-02 
0.127E-LJd 

ClMEbk) = O . i 4 0 € - 0 2  INCHES 

X n 
INChES INCHES 

C 0.142E-OL 

C . 1 0 O C - O 1  0.14iF-02 
C. i S O € - 0  1 0 .  14 IE-OL 
C -200 E- 0 I C -14QE -02 
C.250E-01 C.140E-02 
C.4COF-01 0.139E-OL 
C.350E-01 C.139E-02 

C.C50F-O1 0-l3dE-02 

C.~OOE-IIZ O . ~ ~ Z E - U Z  

c.+oar+ii O.I~L)E-OL 

C . S O ~ F - O L  O.L~IE-~Z 

I - I M F A h I  a d.150E-02 INCHtS 

X 
INChES 

0 

C.l(rOF-01 
C.150E-01 
C.ZOOe-0i 

C.SOOE-W 

c . 2 5 0 ~ - a  i 
c. moE-01 

C.+OIX-O i 
C .  45OF-01 

C.4SCE-01 
c .5coc-o I 

n 
INChFS 

0. L S i E - 0 2  
c. 152E-c2 
C.151E-OL 
0.1LIlE-OL 
c .  150E-32 

0.14YE-02 
0.14YE-02 
0-  148E-02 
0-  148E-02 

c. i5oE-w 

a. 1 4 1 ~ - 0 ~  

CIMFPFI ~1-16Of-U2 INCHES 

X 
INChFS 

C 
C.50CF-111 
L * I UOE- d 1 
c.  I Z O F  - J I 
C . 7 0 C F - f l l  
C. J Z U t -  11 I 
L . i O C E -  I 1  
L .  J 5 UE- 0 1 
c .w a+ J i 
L .Z ~ C F -  0 I 
L.sf lcF- . l l  

VAL! 
hUM6tR 

0.511 
0 .325  
0.340 
0.558 
0.5lb 
0.601 
0.6L'r 
0.663 
0 .  I C 8  
0.176 
1.000 

PRtSSbKE 
PSIA 
54.43 
53.01 
51.53 
49.95 
46 .25  
46.39 
4 4 . 3 3  
41.98 
3 9 - 1 8  
35.53 
L6-72 

TfMPERATbRE 
UEG F 
7L.22 
70.75 
69.09 
67-18 
64 -9 3 
62.26 
58-96 
54.74 

3Y.79 
6.6b7 

4 n . w  

FRICTIOh 
FACTOR 

0.106E-Cl 
0.106E-Cl 
0 -  10oE-01 
0.106E-01 
0.106E-01 
0.106E-01 
0.106E- C 1  
0.106E-01 
0.106E-Cl 
3.136E-31 
0 .  IO~E-CII 

H i  = 0.133E-JL INCHES DAIDR = 0.125E-31 ALPHA = -0.100E-02 RADIANS 
H2 = 0.128E-01 INCHES UAIAIMIN) 0.235E-01 ICHOKEO FLOW I 

MACH 
k l rM6ER 

0.522 
0.335 
0.551 
0.568 

0.611 
0.635 
O.ts7L 
0.717 

1.000 

0.588 

0 . 1 8 4  

VE LOC I 1 v 
F T I S E C  

5U9 -2  

6ZO.b 
639 -0 
659.9 
683.9 
712.3 
74 1.0 
7Y2 -0 
857.Y 
0.1GoE+04 

604.1 

OENSITV 
L 8 -SECZ / F 14 

0.853E-02 
0.834€-02 
0 -813E-02 
O.7YLt-UL 
0.7bYE-02 
0.743E-OL 

0.6U4E-U2 
0.64bE-OL 
C .SYdE-UZ 
0.486i -02  

a.7ibt-02 

PRESSURE 
PSIA 
54.00 
52.64 
51.19 
49.bS 
47.98 
46.17 
44.15 
41.85 
39.12 
35.56 
27.02 

TEMPERATURE 
OEG F 
71.11 
69-63 
67-95 
bb.02 
63.76 
61.07 

53.56 
57.78 

47.no 
3n.75 
6-66? 

FRICTION 
FACTOR 

0.107E-01 
'3. 1 3 7 E - C l  

0.107E- CL 
0.137E-01 
0.107E-01 
0.107E-01 
0.1 37E- 31 

0 .  icm-01 

a. ~ O ~ E - C L  
0.  IOTE- 01 
3.105E- 21 

h l  0.142E-52 INCHES OAIDR = 0.119E-01 ALPHA 1 -0.100E-02 RADIANS 
H 2  0.137E-02 IhCHES UAIAIMINI  = 0-201E-01 KHOKEO F L o n i  

NACH VELCCITV OENSITV PRESSURE TEMPERATURE 
NUMBER FIISEC LB-SECZIFTI PSIA OEG F 

0.534 b02. Y o . o + I E - ~ ~  53.52 bY.75 
0.548 
0 .564  
0.581 
0.601 
0.623 
U.650 
0.684 
0.727 
0-792 
I .000 

H l  = 
H2 I 

MACH 
NLIM8ER 

0 . 5 4 7  
0.561 
0 .576  
C.5Y3 
0.612 
0.t35 
0.661 
C.654 
0.737 
C.800 
1.000 

611-7 
634.1 
6 5 2 . 3  
672 -9 
096.6 
724.4 

802.3 
866.L 
O*lObE+C4 

758.4 

3.152E-J2 INCHES 
O.IQ7E-02 INCHES 

0. 8LYE-02 
O-BOYE-02 
0.7dOE-02 
0.7bbE-02 
0 -741E-02 
0.714t-OL 
0.683E-02 
0.647E-02 
0.60 1E-02 
0.493E-02 

52.19 
50.78 
49.28 
47.66 
45.90 
43.94 
41.72 
39.08 
35-64 
L7.4J 

6 d - 2 4  
66 -51  
64.59 
62-32 
59 -62  
56.32 
52.13 
46.42 
37.56 
6.b67 

UA/Jh O.llZE-Dl ALPHA 
OA/AlMINl 0.183E-01 

v ~ ~ o c  irv 
FI/SEC 

616.2 
630 .8  
b46 -9 
664 -9 
6 8 5 . 2  

13s .1  
765.0 

813.7 
0.106Et 

7 ~ 8 . 4  

n11.1 

DENSITY PRESSUR€ 
L&SECZ/FT4 PSIA 

0.84LE-02 5 3 - 0 4  

0.805t-02 50.39 
0.785E-OL 4d.93 
0.763E-OL 47.37 

0.713k-02 43.76 
0.683E-02 41.61 
0-64YE-UL >Y.O5 
J.604E-02 35.73 

04 O.4Y9t-02 27.76 

O.BLIE-JZ  51.76 

a . 7 3 9 ~ - 0 ~  454.b 

TtMPERATURE 
DEG F 

66.88 
6 5 - 1 7  
6 3 - 2 1  
bJ.93 
58.23 
54.95 
50.79 
45.16 
36 -48 
bab67 

68.40 

REIP) FRICTION 

0.319EI.04 0.105E-01 
3.320E+J4 0.105E-01 

0.3206+04 O - l O S E - 0 1  
0.321€+04 3.105E-01 

FACTOR 

~ . ~ Z O E + O +  0. L O S E - O ~  

a.322c+oi o.1osE-ci 
0.323€+04 o . i 0 5 ~ - a i  
3.324E+J4 3-135E-01  
0.327€+04 O . l O 4 E - 0 1  
0.331€+04 O.lO4E-01 
0.3+7€+04 a.  i 3 3 ~ - 0 1  

-0.1OOE-02 RADIANS 
ICHOKED FLOY) 

FRICTIOh 
FACTOR 

0.103E-01 
0.103E-01 
0 . 1 0 3 E - C l  

0.133E-01 
O.103E-Cl 

0. I O Z E - C 1  
0.10ZE-01 
3.1WE- 31 
0. LOlE-01 

0. 1 0 3 ~ - a i  

0. L O ~ E - ~ I  

h l  a O.lb3E-02 INCHES UAIUR = O . l O 6 E - 0 1  ALPHA I -0.100E-02 RADIANS 
H2 * 0.15dE-OZ INCHES OAIA(M1N) = 0 .162E-J l  ICHOKEO FLOW) 

MACH 
N(IM8EY 

5.558 
u.572 
U.587 
0.4J4 
O.tZ3 
O . t * 5  
5 . 6 1 2  
c. 7G4 
U. 1 4 5  
i ) . U L I  
1 .LOU 

VELOCITY O€NSlTV PRESSURE 
F I I S t L  LB-SECLIFT4 PSIA 

6 2 b . 5  C.837E-02 52.00 
a43.0 O - B Z O E - O L  5 1 . ~ 5  
6 5 b . Y  C.8OAE-OL 50.02 
676.3 5.7dIE-32 6 8 - 6 1  
a'rb .3 3.760t-UL 41.08  
719.3 0.731€-UL 45.43 
1 4 6 . L  J.712E-JL 43.59 
77a.o J.bd>E-UL 41.50 
0 1 0 . 3  0.63UE-02 39.03 
dUJ .4 J-6Jbt -JL  3 5 - 6 1  
0.lOoE*L4 0.5Uz&-dL 28.08 

TEMPERATURE 
DEG F 
67.12 
65.60 
63.87 
6 1  -9 1 
5'4.63 
5 6 . Y 4  
53.67 
49.55 
44.00 
35.4Y 
6.667 

FRICTION 
FACTOR 

0.1OlE-C1 
0 .  I O I E - 0 1  
0.13lE- 0 1  
O . l O 1 E - C l  
O . I O 1 E - C I  
0.  LOIE-01 
a. l o i ~ - o i  
0.  i o o E - a i  
0.100E-01 
0. I O O E - C l  
0.988E-CZ 
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TABLE I .  - PARAMETERS CALCULATED BY AREAX 

Parameter  

70 

Gas constant 

Seal surface a r e a  

Flow length 

Flow width (mean) 

Mass flow r a t e  

Volume flow r a t e  

Reynolds number due 
to  rotational flow 

Knudsen number 

Mean free path 

Viscosity of air 
(Sutherland's law) 

Power 

Apparent temperature 
rise due to  power 
dissipation 

Shear heat 

Torque 

Seal opening force 

Center of pressure  

Axial film stiffness 

Formulaa 

= Universal gas constant 
Molecular weight 

A = ~ @ - R ; )  

AR = R2 - R1 

= Whpu 

Q = clM 

bRe(r) = p h  fi 

2.96 Mmax 
Kn = 

Re (P) 
x = K n X h  

c2T1'5 

pair = T+C3 
IJ.  AV2/h 

c 4  x Power 

Mc 
AT = 

P 

H = c XPower 

Power /Speed 
5 

F = W iAR ( P  - P3)dx 

xc =E LAR ( P  - P 3 ) X  d x  
F 

S = -dF/dh 

Units 

SI 

J/kg -K 

2 m 

m 

m 

kg/sec 

s c m s  

m 

2 r-sec/m 

W 

K 

W 

N -m 

N 

m 

N/m 

u. s. 
lbf-ft 

Ibm-% 

in. 2 

in. 

in .  

lbm/min 

scfm 

in. 

lbf -sec /in. ' 

hP 

OR 

Btu/min 

ft-lb 

lbf 

in. 

lbf /in. 

Constants in equations a r e  a s  follows (for Si and U.S. uni ts ,  respectively): a 

c1 = 5.051554x10-3 (13.083); c 2  = 1.4591X10-6 (1. 57639X10-10); 
c3  = 110.33333 (198.6); c 4  = 1 . 0  (42.42); and c 5  = 1 . 0  (42.42). 

mean rotational velocity. 
%here p is density a t  midseal ,  j7 is viscosity at  midseal ,  and V is 



TABLE II. - VARIABLES IN NAMELIST/SEAL/ 

Variable 
name 

RINNER 

ROUTER 

RDIFIN 

MOLWT 

CP 

MUIN 

GAMMA 

SPEED 

CAPV 

XLAM 

XTURB 

CONLAn 

CONTRI 

RELAM 

RETURI 

PWRSKI 

NRMSKI 

PRSSKP 

PLTSKF 

NSI 

Description 

~ 

nner radius of seal 

M e r  radius of seal 

'low length 

vlolecular weight 

jpecific heat 

Leservoir viscosity. The program will calculate MUIN 
for a i r  but not for other gases. 

latio of specific heats 

lotational velocity 

seal-face speed 

Bxponent in friction factor - Reynolds number relation 
for laminar flow (eq. (22)) 

Exponent in friction factor - Reynolds number relation 
for turbulent flow 

zonstant in :fiction factor - Reynolds number relation 
for laminar flow 

Constant in friction factor - Reynolds number relation 
for turbulent flow 

Maximum Reynolds number for laminar flow 

Minimum Reynolds number for turbulent flow 

Logical variable. If it  i s  set to .TRUE., calcula- 
tions involving power a re  omitted. 

Logical variable. If it  is set to .TRUE., normal- 
ized values of F and xc will be omitted. 

Logical variable. If it i s  set to .TRUE., printout of 
distributions across face of seal of P ,  T ,  p,  u, M, 
f ,  and Re will be omitted. 
- 

Array  of logical variables. If any element is set to 
.TRUE., the corresponding plot will be omitted: 

PLTSKP(1) applies to plot of power against h. 
PLTSKP(2) applies to plot of xc against h. 
PLTSKP(3) applies to plot of F against h. 
PLTSKP(4) applies to plot of P against x .  
PLTSKP(5) applies to plot of T against x. 
PLTSKP(6) applies to plot of p against x. 
PLTSKP(7) applies to plot of M against x .  
PLTSKP(8) applies to plot of Reynolds number 

PLTSKP(9) applies to plot of mean friction 
against x .  

factor against x. 

Numerical indicator for units. NSI = 1 means SI 
units. NSI = 2 means U . S .  units. 

Units 

SI 
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TABLE III. - VARIABLES IN NAMELIST/HDATA/ 

Variable 
name 

P 1IN 

P2IN 

PRM 

TOIN 

LOSS 

INCODE 

Variable Description 
name 

HMEAN Mean film thickness 

ALPHA Tilt angle 

N J  Number of film thicknesses 

DONE Number of film thicknesses for which 
cards were punched in previous 
running of program 

Units 

TABLE IV. - VARIABLES IN NAMELIST/RESDAT/ 

Description 

;as pressure at  inner radius 

;as pressure at outer radius 

latio of sealed-gas pressure to ambient pressure,  

’O”3 
jealed-gas temperature (upstream reservoir temper - 

ature), To 

3ntrance velocity loss coefficient 

nput code. For running many cases with one 
loading of the program, the input code tells 
the program what new data a re  expected for 
the next case: 

INCODE = 1 means a new title card is expected. 
INCODE = 2 means new SEAL data a re  expected. 
INCODE = 3 means new HDATA data are  expected. 
INCODE = 4 means new RESDAT data a re  expected. 

Units 

SI u.s 
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TABLE V .  - INPUT DATA FOR SAMPLE PROBLEM 
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TABLE VI. - PARAMETERS IN COMMON BLOCK/ARRAYS/ 

i r ray  

1 

2 

3 

4 

5 

6 

7 

a 
9 

10 

11 

12 

13 

14 

15 

16 

17 

ia 

19 

20 

21 

Symbol 

X 

P 

M 

U 

T 

P 

Re(p) 

f 
h 
- 

C 
X 

F 

S 

F 
- 

hl 

h2 

hm 

CY 

X* 

P* 

A* 

Array 
jimension 

Description 

Distance across face of seal 

Pressure  

Mach number 

Leakage flow velocity (x-direction) 

Temperature 

Density 

Pressure-flow Reynolds number 

Mean friction factor 

Film thickness 

Dimensionless center of pressure 

Power 

Force 

Axial film stiffness 

Pressure  profile factor 

Film thickness at  entrance 

Film thickness a t  exit 

Tilt angle 

Mean film thickness 

Choking flow length 

Choking pressure 

Area a t  point of choking 
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TABLE VII. - PARAMETERS I N  COMMON BLOCK/CONSTS/ 

Word 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Symbol 

Y 

AR 

R O  
SIGN 

"1 

"t 

kl 

kt 

(Re)l 

(Re)t 

TO 

p3 

Ptol 

a 

CL 

P O  
n 

CNVT( 11, 

NSI 

Description 

Ratio of specific heats 

Flow length 

Radius of seal a t  entrance 
If SIGN > 0,  flow is radially outward; if SIGN < 0,  

flow is radially inward. 

Exponent in friction factor - Reynolds number relation 
for laminar flow 

Exponent in friction factor - Reynolds number relation 
for turbulent flow 

Constant in friction factor - Reynolds number relation 
for laminar flow 

Constant in friction factor - Reynolds number relation 
for turbulent flow 

Upper limit on Re for laminar flow 

Lower limit on Re for turbulent flow 

Sealed-gas -reservoir temperature 

Sealed-gas-reservoir pressure 

A mbient pres sure 

Pressure tolerance to stop iteration on exit pressure 
for subcritical flow 

Gas constant 

Entrance velocity loss coefficient 

Sealed -gas -reservoir viscosity 

3.1415927 

Universal gas constant 

Constants needed for internal calculations 

Numerical indicator for system of units being used: 
NSI = 1 means SI units; NSI = 2 means U.S. units. 
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TABLE VIII . - CONSTANTS FOR INTERNAL CALCULATIONS 

Word 
i n  a r r a y  

CNVT 

Variable to  which 
constant applies 

Sutherland's law 
Sutherland's law 
Speed 
Mass  flow rate 
Standard volume flow 
Reynolds number 

L 

Word Variable to  which 
i n  a r r a y  constant applies 

CNVT 

7 Power 
8 Shear heat  
9 Torque 

10 Density 
11 Velocity 

I 

TABLE IX. - PARAMETERS IN COMMON BLOCK/TRAYS/ 

A r r a y  

1 

2 

3 

4 

5 

6 

Symbol 

N 

X 

M 

h 

N J  

r* 

A r r a y  
dimension 

Description 

Number of gr id  points 

x-grid points 

Mach number at each x 

Fi lm thickness a t  each x 

Index of film thickness for  whict 
solution is being found 

Tempera ture  at choking 

0' u u + d u  
T T + d T  
P P + d P  
M M + d M  

Figure 1. -Model and notation of sealing faces, including control volume for quasi-one-dimensional flow 
with area change. 



Figure 2 - Model of sealing dam with small ti lt  angle (not to scale). 
Sealed gas is in inner  cavity region; upper r ing removed for 
clarity in top view. 

Figure 3. - Lengths and stations used in analysis. Subsonic case with 
negatively tilted surface and radial inward flow situation is shown. 
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Figure 5. - Computer plots for sample problems, evaluated at film thickness of 12.7 micrometers (0.5 mil). 
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Mean f i lm Flow regime 
thickness, 

hm-  
pm (mi l l  

0 2.5 (0.1) Subcrit ical 
0 5.1 (.2) Crit ical 
A 7.6 (.3) Supercrit ical 
D 12.7 (.5) Supercrit ical 
o 12.7 (.5) Supercrit ical - Parallel-film, 

2.5 ( . I )  Subcrit ical Parallel-film, 
variable -a rea analysis 

12.7 (. 5) Supercrit ical I constant-area analysis 
----- 

. l5T 

.050 ,- 

P 
.010 

d 
u c 

.- E 
-0 .05 

* 02 

0 
1 

160 
Pressure, P, N/cmZ abs 

L I I I I I J 
u 40 80 120 160 200 240 

Pressure, P. psia 

Figure 8. - Results obtained using variable-area approximate 
analysis for pressure distributions. Positive 2-mill iradian 
tilt; conditions represent subcrit ical, crit ical, and super- 
cr i t ical  flow; mean f i lm thicknesses, 2.5, 5.1, 7.6, and 
12.7 micrometers (0.1, 0.2, 0.3, and 0.5 mil); sealed-gas- 
reservoir ressure, 148 N k m Z  (215 psia); exit pressure, 

700 K (8C@ F); i nner  radius, 8.300 centimeters (3.265 in. ); 
outer radius, 8.410 centimeters (3.315 in. 1. Also shown 
are comparable parallel-f i lm cases. 

10.3 Nlcm ! (15 psia); sealed-gas-reservoir temperature, 
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